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RECOMBINANT NUCLEIC ACID MOLECULES, EXPRESSION CASSETTES, AND 
BACTERIA, AND METHODS OF USE THEREOF 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims the priority benefit under 35 U.S.C. §1 19(e) of each of 

the following U.S. provisional applications, the disclosures of each of which are hereby 
incorporated by reference in their entirety herein: U.S. provisional application Serial No. 
60/616,750, entitled "Bacterial Expression Cassettes, Bacterial Vaccine Compositions, and 
Methods of Use Thereof," by Thomas W. Dubensky, Jr. et al., filed October 6, 2004 (Docket 
No. 282173003923); U.S. provisional application Serial No. 60/615,287, entitled "Bacterial 
Expression Cassettes, Bacterial Vaccine Compositions, and Methods of Use Thereof," by 
Thomas W. Dubensky, Jr. et al., filed October 1, 2004 (Docket No. 282173003922); U.S. 
provisional application Serial No. 60/599,377, filed August 5, 2004; U.S. provisional 
application Serial No. 60/556,744, filed March 26, 2004; U.S. provisional application Serial 
No. 60/541,515, filed February 2, 2004; and U.S. provisional application Serial No. 
60/532,598, filed December 24, 2003. In addition, this application is a continuation-in-part 
of each of the following prior applications, the disclosures of each of which are hereby 
incorporated by reference in their entirety herein: International Application No. 
PCT/US2004/23881, filed July 23, 2004; U.S. patent application Serial No. 10/883,599, filed 
June 30, 2004; U.S. patent application Serial No. 10/773,618, filed February 6, 2004; and 
U.S. patent application Serial No. 10/773,792, filed February 6, 2004. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

[0002J This invention was made, in part, with government support under SBIR Grant 

No. 1 R43 CA101421-01, awarded by the National Institutes of Health. The government 
may have certain rights in the invention. 

FIELD OF THE INVENTION 
[0003] The field of this invention relates generally to novel polynucleotides and 

expression cassettes useful for expression of polypeptides, including heterologous 
polypeptides, in recombinant bacteria. In particular, this invention relates to recombinant 
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bacteria comprising the novel expression cassettes and/or nucleic acid molecules which axe 
useful in vaccine compositions. 

BACKGROUND OF THE INVENTION 
[0004] Microbes have begun to be developed for use as vaccines that deliver 

heterologous antigens. Heterologous antigen delivery is provided by microbes that have been 
modified to contain nucleic acid sequences encoding a protein or antigen originating from a 
different species. Heterologous antigen delivery is especially advantageous for treating or 
preventing diseases or conditions that result from especially virulent or lethal sources, such as 
cancer and pathogenic agents (for example, HIV or Hepatitis B), wherein injection of a native 
infectious agent or cancer cell is potentially deleterious to the recipient organism, and 
administration of attenuated or killed agent or cell has proven unsuccessful in eliciting an 
effective immune response, or where sufficient attenuation of the infectious agent or cancer 
cell cannot be assured with acceptable certainty. Recently, certain bacterial strains have been 
developed as recombinant vaccines. For instance, an oral vaccine of attenuated Salmonella 
modified to express Plasmodium berghei circumsporozite antigen has been shown to protect 
mice against malaria (Aggarwal etal 1990. J. Exp. Med. 172:1083). 
[0005] Listeria monocytogenes {Listeria) is a Gram-positive facultative intracellular 

bacterium that is being developed for use in antigen-specific vaccines due to its ability to 
prime a potent CD4+/CD8+ T-cell mediated response via both MHC class I and class II 
antigen presentation pathways. See, for instance, U.S. Patent Nos. 6,051,237, 6,565,852, and 
5,830,702. 

[0006] Listeria has been studied for a number of years as a model for stimulating both 

innate and adaptive T cell-dependent antibacterial immunity. The ability of Listeria to 
effectively stimulate cellular immunity is based on its intracellular lifecycle. Upon infecting 
the host, the bacterium is rapidly taken up by phagocytes including macrophages and 
dendritic cells (DC) into a phagolysosomal compartment. The majority of the bacteria are 
subsequently degraded. Peptides resulting from proteolytic degradation of pathogens within 
phagosomes of infected APCs are loaded directly onto MHC class II molecules, and the 
processed antigens are expressed on the surface of the antigen presenting cell via the class II 
endosomal pathway, and these MHC H-peptide complexes activate CD4+ "helper" T cells 
that stimulate the production of antibodies. Within the acidic compartment, certain bacterial 
genes are activated including the cholesterol-dependent cytolysin, LLO, which can degrade 
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the phagolysosome, releasing the bacterium into the cytosolic compartment of the host cell, 
where the surviving Listeria propagate. Efficient presentation of heterologous antigens via 
the MHC class I pathway requires de novo endogenous protein expression by Listeria. 
Within the cytoplasm of antigen presenting cells (APC), proteins synthesized and secreted by 
Listeria are sampled and degraded by the proteosome. The resulting peptides are shuttled 
into the endoplasmic reticulum by TAP proteins and loaded onto MHC class I molecules. The 
MHC I-peptide complex is delivered to the cell surface, which in combination with sufficient 
co-stimulation (signal 2) activates and stimulates cytotoxic T lymphocytes (CTLs) having the 
cognate T cell receptor to expand and subsequently recognize the MHC I-peptide complex 
displayed on, for example tumor cells. In the appropriate microenvironment, the activated T 
cell targets and kills the cancerous cell. 

[0007] Given the mechanisms by which Listeria programs the presentation of 

heterologous antigens via the MHC class I pathway, the efficiency of both expression of 
heterologous genes and secretion of the newly synthesized protein from the bacterium into 
the cytoplasm of the infected (antigen presenting) cell is directly related to the potency of 
CD8+ T cell priming and/or activation. Since the level of Ag-specific T cell priming is 
directly related to vaccine efficacy, the efficiency of heterologous protein expression and 
secretion is linked directly to vaccine potency. 

[0008] Thus, novel methods are needed in the art to optimize the efficiency of 

heterologous protein expression and secretion to maximize the potency of Zwtena-based 
vaccines and other bacteria-based vaccines. It would also be beneficial to optimize the 
efficiency of heterologous protein expression and secretion in bacterial host expression 
systems where expression and secretion of large quantities of heterologous protein is desired. 



BRIEF SUMMARY OF THE INVENTION 
[0009] The present invention generally provides novel polynucleotides including 

novel recombinant nucleic acid molecules, expression cassettes, and vectors for use in 
expressing and/or secreting polypeptides (e.g. heterologous polypeptides) in bacteria, 
especially Listeria. In some embodiments, these polynucleotides provide enhanced 
expression and/or secretion of polypeptides in bacteria. The present invention also generally 
provides bacteria comprising the recombinant nucleic acid molecules, expression cassettes, or 
vectors, as well as pharmaceutical, immunogenic, and vaccine compositions comprising the 
bacteria. These bacteria and compositions are useful in the induction of immune responses 



3 



WO 2005/071088 



PCTYUS2004/044080 



and in the treatment and/or prevention of a wide array of diseases or other conditions, 
including cancer, infections and autoimmunity. 

[0010] In one aspect, the invention provides a recombinant nucleic acid molecule, 

comprising a first polynucleotide encoding a signal peptide, wherein the first polynucleotide 
is codon-optimized for expression in a bacterium, and a second polynucleotide encoding a 
polypeptide (e.g., an antigen), wherein the second polynucleotide is in the same translational 
reading frame as the first polynucleotide, and wherein the recombinant nucleic acid molecule 
encodes a fusion protein comprising the signal peptide and the polypeptide. In some 
embodiments, the second polynucleotide is also codon-optimized for expression in bacteria, 
such as Listeria. The invention also provides expression cassettes comprising this 
recombinant nucleic acid molecule and further comprising a promoter operably linked to the 
recombinant nucleic acid molecule. Vectors and bacteria comprising the recombinant nucleic 
acid molecules and/or expression cassette are also provided, as are pharmaceutical 
compositions, immunogenic compositions, and vaccines comprising the bacteria. Methods of 
using the bacteria or compositions comprising the bacteria to induce immune responses 
and/or to prevent or treat a condition such as a disease in a host are also provided. 
[0011] In another aspect, the invention provides a recombinant nucleic acid molecule, 

comprising (a) a first polynucleotide encoding a signal peptide native to a bacterium, wherein 
the first polynucleotide is codon-optimized for expression in the bacterium, and (b) a second 
polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, wherein the recombinant nucleic acid 
molecule encodes a fusion protein comprising the signal peptide and the polypeptide. In 
some embodiments, the polypeptide encoded by the second polynucleotide is heterologous to 
the signal peptide. In some embodiments, the polypeptide encoded by the second 
polynucleotide is foreign to the bacterium. The invention also provides expression cassettes 
comprising this recombinant nucleic acid molecule and further comprising a promoter 
operably linked to the recombinant nucleic acid molecule. Vectors and bacteria comprising 
the recombinant nucleic acid molecule and/or expression cassette are also provided, as are 
pharmaceutical compositions, immunogenic compositions, and vaccines comprising the 
bacteria. Methods of using the bacteria or compositions comprising the bacteria to induce an 
immune response and/or to prevent or treat a condition (e.g., a disease) in a host are also 
provided. 

[0012] In another aspect, the invention provides a recombinant Listeria bacterium 

comprising a recombinant nucleic acid molecule, wherein the recombinant nucleic acid 
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molecule comprises (a) a first polynucleotide encoding a signal peptide, wherein the first 
polynucleotide is codon-optimized for expression in Listeria, and (b) a second polynucleotide 
encoding a polypeptide, wherein the second polynucleotide is in the same translational 
reading frame as the first polynucleotide, wherein the recombinant nucleic acid molecule 
encodes a fusion protein comprising the signal peptide and the polypeptide. In some 
embodiments, the polypeptide encoded by the second polynucleotide is heterologous to the 
signal peptide. In some embodiments, the polypeptide is foreign to the Listeria bacterium. In 
some embodiments, the signal peptide is native to Listeria, Pharmaceutical compositions, 
immunogenic compositions, and vaccines, comprising the Listeria are also provided. 
Methods of using the Listeria (or compositions comprising the Listeria) to induce an immune 
response and/or to prevent or treat a condition (e.g., a disease) in a host are also provided. 
[0013] In another aspect, the invention provides a recombinant nucleic acid molecule, 

comprising a first polynucleotide encoding a non-secAl bacterial signal peptide, and a 
second polynucleotide encoding a polypeptide (such as an antigen), wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, and 
wherein the recombinant nucleic acid molecule encodes a fusion protein comprising the 
signal peptide and the polypeptide. In some embodiments, the polypeptide is heterologous to 
the signal peptide. In some embodiments, the first and/or second polynucleotides are codon- 
optimized for expression in bacteria, such as Listeria. The invention also provides expression 
cassettes comprising this recombinant nucleic acid molecule and further comprising a 
promoter operably linked to the recombinant nucleic acid molecule. Vectors and bacteria 
comprising the recombinant nucleic acid molecule and/or expression cassette are also 
provided, as are pharmaceutical compositions, immunogenic compositions, and vaccines 
comprising the bacteria. Methods of using the bacteria or compositions comprising the 
bacteria to induce immune responses and/or to treat a condition such as a disease in a host are 
also provided. 

[0014] In still another aspect, the invention provides a recombinant Listeria bacterium 

comprising a recombinant nucleic acid molecule, wherein the recombinant nucleic acid 
molecule comprises (a) a first polynucleotide encoding a non-sec A 1 bacterial signal peptide, 
and (b) a second polynucleotide encoding a polypeptide either heterologous to the signal 
peptide or foreign to the bacterium, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, wherein the recombinant nucleic acid 
molecule encodes a fusion protein comprising the signal peptide and the polypeptide. In 
some embodiments, the polypeptide encoded by the second polynucleotide is heterologous to 
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the signal peptide or foreign to the bacterium (i.e., heterologous to the bacterium), or both. 
Pharmaceutical compositions, immunogenic compositions, and vaccines comprising the 
Listeria are also provided. Methods of using the Listeria (or compositions comprising the 
Listeria) to induce an immune response and/or to prevent or treat a condition (e.g., a disease) 
in a host are also provided. 

[0015] In another aspect, the invention provides a recombinant nucleic acid molecule, 

wherein the recombinant nucleic acid molecule comprises a polynucleotide encoding a 
polypeptide foreign to Listeria (e.g., a cancer or non-Listerial infectious disease antigen), 
wherein the polynucleotide encoding the foreign polypeptide is codon-optimized for 
expression in Listeria. In some embodiments, the recombinant nucleic acid molecule further 
comprises a polynucleotide that encodes a signal peptide in the same transiational reading 
frame as the polynucleotide encoding the polypeptide foreign to Listeria. In some 
embodiments, the signal peptide is native to the Listeria bacterium. In other embodiments, 
the signal peptide is foreign to the Listeria bacterium. In some embodiments, the 
polynucleotide encoding the signal peptide is also codon-optimized for expression in Listeria. 
Listeria comprising the recombinant nucleic acid molecule are also provided. Pharmaceutical 
compositions, immunogenic compositions, and vaccines comprising the Listeria are also 
provided. In addition, the invention provides methods of using the recombinant Listeria 
bacteria to induce immune responses and/or to prevent or treat a condition (such as, but not 
limited to, a disease) in a host. 

[0016] In another aspect, the invention provides a recombinant Listeria bacterium 

comprising an expression cassette, wherein the expression cassette comprises a 
polynucleotide encoding a polypeptide foreign to Listeria (e.g., a cancer or non-Listerial 
infectious disease antigen), wherein the polynucleotide encoding the foreign polypeptide is 
codon-optimized for expression in Listeria, and a promoter, operably linked to the 
polynucleotide encoding the foreign polypeptide. In some embodiments, the expression 
cassette further comprises a polynucleotide that encodes a signal peptide (a signal peptide 
either native or foreign to the Listeria bacterium) in the same transiational reading frame as 
the polynucleotide encoding the polypeptide foreign to Listeria and operably linked to the 
promoter so that the expression cassette expresses a fusion protein comprising the signal 
peptide and the foreign polypeptide. In some embodiments, the polynucleotide encoding the 
signal peptide is also codon-optimized for expression in Listeria. Pharmaceutical 
compositions, immunogenic compositions, and vaccines comprising the Listeria are also 
provided. In addition, the invention provides methods of using the recombinant Listeria 
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bacteria to induce immune responses and/or to prevent or treat a condition (e.g., a disease) in 
a host. 

[0017] In another aspect, the invention provides a recombinant nucleic acid molecule, 

wherein the recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding 
a non-Listerial signal peptide, and (b) a second polynucleotide encoding a polypeptide that is 
in the same translational reading frame as the first polynucleotide, wherein the recombinant 
nucleic acid molecule encodes a fusion protein comprising both the non-Listerial signal 
peptide and the polypeptide. The invention also provides an expression cassette comprising 
the recombinant nucleic acid molecule, wherein the expression cassette further comprises a 
promoter operably linked to the first and second polynucleotides of the recombinant nucleic 
acid molecule. Vectors comprising the recombinant nucleic acid molecule and/or the 
expression cassette are also provided. In addition, a Listeria bacterium comprising the 
recombinant nucleic acid molecule and/or the expression cassette is also provided. 
Pharmaceutical compositions, immunogenic compositions, and vaccines, comprising the 
Listeria bacterium are also provided. Methods of using the Listeria bacterium (or 
compositions comprising the Listeria bacterium) to induce an immune response and/or to 
prevent or treat a condition (e.g., a disease) in a host are also provided. 
[0018] In a further aspect, the invention provides a recombinant Listeria bacterium 

comprising a recombinant nucleic acid molecule, wherein the recombinant nucleic acid 
molecule comprises (a) a first polynucleotide encoding a non-Listerial signal peptide, and (b) 
a second polynucleotide encoding a polypeptide that is in the same translational reading 
frame as the first polynucleotide, wherein the recombinant nucleic acid molecule encodes a 
fusion protein comprising both the non-Listerial signal peptide and the polypeptide. 
Pharmaceutical compositions, immunogenic compositions, and vaccines, comprising the 
Listeria are also provided. Methods of using the Listeria (or compositions comprising the 
Listeria) to induce an immune response and/or to prevent or treat a condition (e.g., a disease) 
in a host are also provided. 

[0019] In still another aspect, the invention provides a Listeria bacterium (for 

instance, from the species Listeria monocytogenes) comprising an expression cassette which 
comprises a first polynucleotide encoding a non-Listerial signal peptide, a second 
polynucleotide encoding a polypeptide (e.g., an antigen) that is in the same translational 
reading frame as the first polynucleotide, and a promoter operably linked to both the first and 
second polynucleotides. The expression cassette encodes a fusion protein comprising both 
the non-Listerial signal peptide and the polypeptide. In some embodiments, the first and/or 
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second polynucleotides are codon-optimized for expression in Listeria. Pharmaceutical 
compositions, immunogenic compositions a and vaccines comprising the Listeria are also 
provided. In addition, the invention provides methods of using the recombinant Listeria 
bacteria to induce immune responses and/or to prevent or treat a condition (e.g., a disease) in 
a host. 

[0020] The invention also provides a recombinant nucleic acid molecule, comprising 

(a) a first polynucleotide encoding a bacterial autolysin, or a catalytically active fragment or 
catalytically active variant thereof, and (b) a second polynucleotide encoding a polypeptide, 
wherein the second polynucleotide is in the same translational reading frame as the first 
polynucleotide, wherein the recombinant nucleic acid molecule encodes a protein chimera 
comprising the polypeptide encoded by the second polynucleotide and the autolysin, or 
catalytically active fragment or catalytically active variant thereof, wherein, in the protein 
chimera, the polypeptide is fused to or is positioned within the autolysin, or catalytically 
active fragment or catalytically active variant thereof. Vectors and bacteria comprising the 
recombinant nucleic acid molecule and/or expression cassette are also provided, as are 
pharmaceutical compositions, immunogenic compositions, and vaccines, comprising the 
bacteria. Methods of using the bacteria or compositions comprising the bacteria to induce 
immune responses and/or to treat a condition such as a disease in a host are also provided. 
[0021] In another aspect, the invention provides a recombinant nucleic acid molecule, 

wherein the nucleic acid molecule encodes at least two discrete non-Listerial polypeptides. 
The invention further provides an expression cassette comprising the recombinant nucleic 
acid molecules and further comprising a promoter, wherein the promoter is operably linked to 
the recombinant nucleic acid molecule. Vectors comprising the recombinant nucleic acid 
molecule and/or expression cassette are further provides. In addition a recombinant Listeria 
bacterium comprising the recombinant nucleic acid molecule (and/or the expression cassette) 
is also provided. Pharmaceutical compositions, immunogenic compositions, and vaccines, 
comprising the Listeria are also provided. Methods of using the Listeria (ox compositions 
comprising the Listeria) to induce an immune response and/or to prevent or treat a condition 
(e.g., a disease) in a host are also provided. 

[0022] In an additional aspect, the invention provides a recombinant Listeria 

bacterium comprising a polycistronic expression cassette, wherein the polycistronic 
expression cassette encodes at least two discrete non-Listerial polypeptides. Pharmaceutical 
compositions, immunogenic compositions, and vaccines, comprising the Listeria are also 
provided. Methods of using the Listeria (or compositions comprising the Listeria) to induce 
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an immune response and/or to prevent or treat a condition (e.g., a disease) in a host are also 
provided. 

[0023] In other aspects, the invention provides a recombinant nucleic acid molecule, 

comprising (a) a first polynucleotide encoding a signal peptide, (b) a second polynucleotide 
encoding a secreted protein, or a fragment thereof, wherein the second polynucleotide is in 
the same translational reading frame as the first polynucleotide, and (c) a third 
polynucleotide encoding a polypeptide heterologous to the secreted protein, or fragment 
thereof, wherein the third polynucleotide is in the same translational reading frame as the first 
and second polynucleotides, wherein the recombinant nucleic acid molecule encodes a 
protein chimera comprising the signal peptide, the polypeptide encoded by the third 
polynucleotide, and the secreted protein, or fragment thereof, and wherein the polypeptide 
encoded by the third polynucleotide is fused to the secreted protein, or fragment thereof, or is 
positioned within the secreted protein, or fragment thereof, in the protein chimera. An 
expression cassette comprising the recombinant nucleic acid molecule and further comprising 
a promoter operably linked to the first, second, and third polynucleotides of the recombinant 
nucleic acid molecule is also provided. Vectors and bacteria comprising the recombinant 
nucleic acid molecule and/or expression cassette are also provided, as are pharmaceutical 
compositions, immunogenic compositions, and vaccines, comprising the bacteria. Methods 
of using the bacteria or compositions comprising the bacteria to induce an immune response 
and/or to prevent or treat a condition in a host are also provided. 

[0024] In some embodiments, the methods of inducing an immune response in a host 

to an antigen comprise administering to the host an effective amount of a composition 
comprising a recombinant bacterium described herein (e.g., in any of the aspects above, or in 
the Detailed Description of the Invention or Examples, below) to the host, wherein a 
polypeptide encoded by the recombinant nucleic acid molecule, expression cassette, and/or 
vector in the bacterium comprises the antigen. In some embodiments, the methods of 
preventing or treating a condition, such as a disease, in a host comprise administering to the 
host an effective amount of a composition comprising a recombinant bacterium described 
herein to the host. 

[0025] The invention further provides the use of a recombinant bacterium described 

herein (e.g., in any of the aspects above, or in the Detailed Description of the Invention or 
Examples, below) in the manufacture of a medicament for inducing an immune response in a 
host to an antigen, wherein a polypeptide encoded by the recombinant nucleic acid molecule, 
expression cassette, and/or vector in the bacterium comprises the antigen. In some 
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embodiments, the antigen is a heterologous antigen. The invention also provides the use of a 
recombinant bacterium described herein in the manufacture of a medicament for preventing 
or treating a condition in a host (e.g., a disease such as cancer or an infectious disease). The 
invention further provides the recombinant bacteria described herein for use in inducing an 
immune response in a host to an antigen, wherein a polypeptide encoded by the recombinant 
nucleic acid molecule, expression cassette, and/or vector in the bacterium comprises the 
antigen. The invention further provides the recombinant bacteria described herein for use in 
the prevention or treatment of a condition (such as a disease) in a host. 
[0026] In further aspects, the invention provides improved methods of expressing and 

secreting heterologous proteins in host bacteria. 

[0027] Methods of making bacteria comprising each of the recombinant nucleic acid 

molecules and expression cassettes described above are also provided. Methods of using the 
bacteria to produce vaccines are also provided. 

[0028] The invention further provides a variety of polynucleotides encoding signal 

peptides and/or antigens, including the polynucleotides which have been codon-optimized for 
expression in Listeria monocytogenes. 

DRAWINGS 

[0029] Figure 1 shows the hly promoter alignment for the Listeria monocytogenes 

DP-L4056 (SEQ ID NO:l) (bottom sequence) and EGD strains (SEQ ID NO:2) (top 
sequence). 

[0030] Figure 2 shows the sequence (SEQ ID NO:3) of a polynucleotide encoding a 

fusion protein comprising the LLO signal peptide, LLO PEST sequence, and the full-length 
human EphA2 antigen. 

[0031] Figure 3 shows the sequence (SEQ ID NO:4) of the fusion protein encoded by 

the polynucleotide shown in Figure 2. 

[0032] Figure 4 shows the native nucleotide sequence (SEQ ID NO: 5) that encodes 

the human EphA2 extracellular domain (EX2). 

[0033] Figure 5 shows a nucleotide sequence (SEQ ID NO:6) encoding the human 

EphA2 extracellular domain that has been codon-optimized for expression in Listeria 
monocytogenes. 

[0034] Figure 6 shows the amino acid sequence (SEQ ID NO:7) of the human EphA2 

extracellular domain (EX2). 
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[0035] .Figure 7 shows a non-codon optimized polynucleotide sequence (SEQ ID 

NO:8) encoding a fusion protein comprising an LLO signal peptide, LLO PEST sequence and 
the extracellular domain of human EphA2. 

[0036] Figure 8 shows the sequence (SEQ ID NO:9) of the fusion protein encoded by 

the coding sequence shown in Figure 7. 

[0037] Figure 9 shows an expression cassette (SEQ ID NO: 1 0) comprising the hly 

promoter and encoding a fusion protein comprising an LLO signal peptide, LLO PEST 
sequence and the extracellular domain of human EphA2. In this sequence, the sequence 
encoding the human EphA2 extracellular domain is codon-optimized for expression in 
Listeria monocytogenes. 

[0038] Figure 10 shows the amino acid sequence (SEQ ID NO:l 1) encoded by the 

expression cassette of Figure 9. 

[0039] Figure 1 1 shows an expression cassette (SEQ ID NO: 12) comprising the hly 

promoter and encoding a fusion protein comprising an LLO signal peptide, LLO PEST 
sequence and the extracellular domain of human EphA2. In this sequence, the sequences 
encoding the LLO signal peptide , LLO PEST, and human EphA2 extracellular domain have 
all been codon-optimized for expression in Listeria monocytogenes. 
[0040] Figure 12 shows the amino acid sequence (SEQ ID NO: 13) encoded by the 

expression cassette of Figure 11. 

[0041] Figure 13 shows an expression cassette (SEQ ID NO: 14) comprising the hly 

promoter and encoding a fusion protein comprising the phoD Tat signal peptide and the 
extracellular domain of human EphA2. In this sequence, the sequences encoding the phoD 
Tat signal peptide and human EphA2 extracellular domain have both been codon-optimized 
for expression in Listeria monocytogenes. 

[0042] Figure 14 shows the amino acid sequence (SEQ ID NO: 1 5) encoded by the 

expression cassette of Figure 13. 

[0043] Figure 1 5 shows the native nucleotide sequence (SEQ ID NO: 1 6) that encodes 

the human EphA2 intracellular domain (CO). 

[0044] Figure 16 shows a nucleotide sequence (SEQ ID NO: 17) encoding the human 

EphA2 intracellular domain that has been codon-optimized for expression in Listeria 
monocytogenes. 

[0045] Figure 17 shows the amino acid sequence (SEQ ED NO: 18) of the human 

EphA2 intracellular domain (EX2). 
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[0046] Figure 1 8 shows a non-codon optimized polynucleotide sequence (SEQ ID 

NO: 19) encoding a fusion protein comprising an LLO signal peptide, LLO PEST sequence 
and the intracellular domain of human EphA2. 

[0047] Figure 1 9 shows the sequence (SEQ ID NO:20) of the fusion protein encoded 

by the coding sequence shown in Figure 18. 

[0048] Figure 20 shows an expression cassette (SEQ ID NO:21) comprising the hly 

promoter and encoding a fusion protein comprising an LLO signal peptide, LLO PEST 
sequence and the intracellular domain of human EphA2. In this sequence, the sequence 
encoding the human EphA2 intracellular domain is codon-optimized for expression in 
Listeria monocytogenes. 

[0049] Figure 21 shows the amino acid sequence (SEQ ID NO:22) encoded by the 

expression cassette of Figure 20. 

[0050] Figure 22 shows an expression cassette (SEQ ID NO:23) comprising the hly 

promoter and encoding a fusion protein comprising an LLO signal peptide, LLO PEST 
sequence and the intracellular domain of human EphA2. In this sequence, the sequences 
encoding the LLO signal peptide, LLO PEST, and human EphA2 intracellular domain have 
all been codon-optimized for expression in Listeria monocytogenes. 
[0051] Figure 23 shows the amino acid sequence encoded (SEQ ID NO:24) by the 

expression cassette of Figure 22. 

[0052] Figure 24 shows an expression cassette (SEQ ID NO:25) comprising the hly 

promoter and encoding a fusion protein comprising a phoD Tat signal peptide and the 
intracellular domain of human EphA2. In this sequence, the sequences encoding both the 
phoD Tat signal peptide and human EphA2 intracellular domain have been codon-optimized 
for expression in Listeria monocytogenes. 

[0053] Figure 25 shows the amino acid sequence (SEQ ID NO:26) encoded by the 

expression cassette of Figure 24. 

[0054] Figure 26 shows a codon-optimized expression cassette (SEQ ID NO:27) 

comprising the hly promoter and encoding a fusion protein comprising an LLO signal peptide 
and the NY-ESO-1 antigen. Both the sequences encoding the signal peptide and the antigen 
are codon-optimized for expression in Listeria monocytogenes. 

[0055] Figure 27 shows the amino acid sequence (SEQ ID NO:28) encoded by the 

expression cassette of Figure 26. 

[0056] Figure 28 shows a polynucleotide (SEQ ID NO:29) comprising the hly 

promoter operably linked to a codon-optimized sequence encoding a Usp45 signal peptide. 
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[0057] Figure 29 shows a polynucleotide (SEQ ID NO:30) comprising the hly 

promoter operably linked to a native sequence encoding a p60 signal peptide. 
[0058] Figure 30 shows a polynucleotide (SEQ ID NO:3 1) comprising the hly 

promoter operably linked to a codon-optimized sequence encoding ap60 signal peptide. 
[0059] Figure 3 1 shows the sequence (SEQ ID NO:32) of an hlyP-p60 gene fragment. 

[0060] Figure 32 (includes Figure 32A, 32B, and 32C) shows the sequence (SEQ ID 

NO:33) of pAM401-MCS, the pAM401 plasmid containing a multiple cloning site (MCS) 
from pPL2 vector. 

[0061] Figure 33 shows the coding sequence (SEQ ID NO:34) for human mesothelin 

which has been codon-optimized for expression in Listeria monocytogenes. 

[0062] Figure 34 shows the amino acid sequence of human mesothelin (SEQ ID 

NO:35). 

[0063] Figure 35 shows the coding sequence (SEQ ID NO:36) for murine mesothelin 

which has been codon-optimized for expression in Listeria monocytogenes. 

[0064] Figure 36 shows the amino acid sequence (SEQ ID NO:37) of murine 

mesothelin. 

[0065] Figure 37 shows a Western blot analysis of secreted protein from recombinant 

Listeria encoding a native EphA2 CO domain sequence. 

[0066] Figure 3 8 shows a Western blot analysis of secreted protein from recombinant 

Listeria encoding native or codon-optimized LLO secAl signal peptide fused with codon- 
optimized EphA2 EX2 domain sequence. 

[0067] Figure 39 shows a Western blot analysis of secreted protein from recombinant 

Listeria encoding native or codon-optimized LLO secAl signal peptide or codon-optimized 
Tat signal peptide fused with codon-optimized EphA2 CO domain sequence. 
[0068] Figure 40 shows a Western blot analysis of lysate from 293 cells 48 hr 

following transfection with pCDNA4 plasmid DNA encoding full-length native EphA2 
sequence. 

[0069] Figure 41 is a graph showing that immunization of Balb/C mice bearing 

CT26.24 (huEphA2+) lung tumors with recombinant Listeria encoding OVA.AH1 or 
OVA.AH1-A5 confers long-term survival. 

[0070] Figure 42 is a graph showing the increased survival of Balb/C mice bearing 

CT26.24 (huEphA2+) lung tumors when immunized with recombinant Listeria encoding 
codon-optimized secAl signal peptide fused with codon-optimized EphA2 EX2 domain 
sequence. 
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[0071] Figure 43 is a graph showing that immunization of Balb/C mice bearing 

CT26.24 (huEphA2+) lung tumors with recombinant Listeria encoding EphA2 CO domain 
confers long-term survival. 

[0072] Figure 44 is a graph showing that immunization of Balb/C mice bearing 

CT26.24 (huEphA2+) lung tumors with recombinant Listeria encoding EphA2 CO domain 
but not with plasmid DNA encoding full-length EphA2 confers long-term survival. 
[0073] Figure 45 is a graph showing that Listeria expressing hEphA2 elicits an 

EphA2 specific CD8+ T cell response. 

[0074] Figure 46 is a graph showing that both CD4+ and CD8+ T cell responses 

contribute to the hEphA2-directed anti-tumor efficacy of Listeria expressing hEphA2. 
[0075] Figure 47 shows the sequence (SEQ ID NO:38) of the Listeria monocytogenes 

strain 10403S hly promoter operably linked to Protective Antigen signal peptide from B, 
anthracis, codon-optimized for secretion in Listeria monocytogenes. Six additional 
nucleotides (5'-GGATCC-3') corresponding to the Bam ///restriction enzyme recognition 
site were included at the carboxy terminus of the signal peptide sequence, facilitating 
operable in-frame linkage to any selected coding sequence. The 5' end of the hly promoter 
contains a unique Kpn / restriction enzyme recognition site. 

[0076] Figure 48 shows the efficient expression and secretion of full-length human 

tumor antigens from recombinant Listeria. Figure 48A shows mesothelin 
expression/secretion with constructs consisting of LLO signal peptide fused with human 
mesothelin, using native codons. Figure 48B shows mesothelin expression/secretion with 
constructs comprising various signal peptides fused with human mesothelin codon-optimized 
for expression in Listeria. Figure 48C shows the expression/secretion of NY-ESO-1 with 
constructs comprising codon-optimized LLO signal peptide fused with human mesothelin 
codon-optimized NY-ESO- 1 . 

[0077] Figure 49 shows the coding sequences of phEphA2KD (SEQ ID NO:39). 

[0078] Figure 50 shows the Mlu I subfragment (SEQ ID NO:40) of codon-optimized 

human EphA2 containing the actA-plcB intergenic region. 

[0079] Figure 51 shows the sequence (SEQ ID NO:41) of the hly promoter-70 N- 

terminal p60 amino acids. 

[0080] Figure 52 shows the KpnI-BamHI sub-fragment (SEQ ID NO:42) of plasmid 

P PL2-hlyP-Np60 CodOp(l-77). 

[0081] Figure 53 shows the KpnI-BamHI sub-fragment (SEQ ID NO:43) of plasmid 

pPL2-hlyP-Np60 CodOp(l-77)-Mesothelin. 
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[0082] Figure 54 shows the Kpnl-BamHI sub-fragment (SEQ ID NO:44) of plasmid 

pPL2-hlyP-Np60 CodOp(l-77)-Mesothelin ASP/AGPI. 

[0083] Figure 55 shows the Western blot analysis of the expression and secretion of 

antigens fiom recombinant Listeria comprising antigen-bacterial protein chimeras. 
[0084] Figure 56 shows the Western blot analysis of the expression of the 

intracellular domain (ICD) of EphA2 from a bicistronic message. 
[0085] Figure 57 shows the Western blot analysis of the plasmid based expression 

and secretion of murine mesothelin as a function of N-terminal fusion with various 
codon-optimized signal peptides as evidenced in different bacterial fractions: secreted 
protein (Figure 57A); cell wall (Figure 57B); and cell iysate (Figure 57C). 
[0086] Figure 58 shows the Western blot analysis of chromosomal-based expression 

and secretion of human mesothelin in Listeria monocytogenes. Western blot analysis of 
mesothelin expression in various bacterial cell fractions, with results from control Listeria 
(not encoding mesothelin) and Listeria encoding mesothelin expressed from the indicated 
signal sequences, is shown. 

[0087] Figure 59A and 59B are graphs showing the delivery of a heterologous antigen 

(AH1-A5) to MHC Class I pathway by a Listeria vaccine. The Listeria vaccine comprised 
Listeria expressing a p60-AHl-A5 protein chimera (AH1-A5 embedded in p60) (Fig. 59A) or 
Listeria expressing a fusion protein comprising an LLO signal peptide and AH1-A5 (Fig. 
59B). 

[0088] Figure 60A and 60B are graphs showing the Listeria vaccine mediated 

delivery of bacteria-specific antigens to MHC Class I pathway, where the vaccine comprised 
Listeria expressing a p60-AHl-A5 protein chimera (AH1-A5 embedded in p60) (Fig. 60 A) or 
Listeria expressing a fusion protein comprising an LLO signal peptide and AH1-A5 (Fig. 
60B), and where the test peptides added to the cell based assay were no test peptide 
(unstimulated) (Fig. 60A), LLO91-99 (Fig.60A), no test peptide (Fig. 60B), or p60 2 n-225 
(Fig. 60B). 

[0089] Figure 61 is a graph showing the therapeutic efficacy of Listeria expressing 

human mesothelin in vaccinated tumor-bearing animals, where tumor cells were engineered 
to express human mesothelin. 

[0090] Figure 62 is a graph showing the reduction in lung tumor nodule level in 

tumor-bearing mice vaccinated with Listeria expressing human mesothelin, where the tumor 
cells were engineered to express human mesothelin. 
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[0091] Figure 63 is a graph showing a control study using CT.26 parental target cells, 

i.e., cells not engineered to express human mesothelin, that demonstrates the anti-tumor 
efficacy of Lm-Meso vaccination is mesothelin specific. 

[0092] Figure 64 is a graph showing that vaccination with Listeria expressing codon 

optimized human mesothelin reduces tumor volume. 

[0093] Figure 65 shows the results of ELISPOT experiments which show the 

immunogenicity of a Listeria AacM/Am/5-hMesothelin strain where the nucleic acid 
encoding hMesothelin has been integrated into the Listeria genome. 

DETAILED DESCRIPTION OF THE INVENTION 
I. Introduction 

[0094] The present invention provides a variety of polynucleotides including 

recombinant nucleic acid molecules, expression cassettes, and expression vectors useful for 
expression and/or secretion of polypeptides, including heterologous polypeptides (e.g. 
antigens and/or mammalian proteins), in bacteria, such as Listeria. In some embodiments, 
these polynucleotides can be used for enhanced expression and/or secretion of polypeptides 
in bacteria- Some of the expression cassettes comprise codon-optimized coding sequences 
for the polypeptide and/or for the signal peptide. In addition, some of the expression 
cassettes for use in bacteria contain signal peptide sequences derived from other bacterial 
sources and/or from a variety of different secretory pathways. Bacteria comprising the 
expression cassettes are also provided, as are compositions, such as vaccines, containing the 
bacteria. Methods of using the polynucleotides, bacteria, and compositions to induce an 
immune response and/or to prevent or treat a condition, such as a disease (e.g. cancer), in a 
host are also provided. 

[0095] The invention is based, in part, on the discovery that codon-optimization of the 

signal peptide sequence in an expression cassette enhances the expression and/or secretion of 
a heterologous polypeptide (such as an antigen) from recombinant bacteria (particularly in 
combination with codon-optimization of the heterologous polypeptide), even when the signal 
peptide sequence is native to the bacteria (see, e.g., Examples 19 and 27, below). 
Additionally, it has been discovered that signal peptide sequences from non-secAl secretory 
pathways and/or signal peptide sequences from non-Listerial bacterial sources can also be 
used to effect efficient expression and/or secretion of heterologous polypeptides from Listeria 
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(see, e.g., Examples 19, 27, and 30 below). The invention is also based, in part, on the 
additional discovery that codon-optimization of the coding sequences of heterologous 
polypeptides enhances expression and/or secretion of the heterologous polypeptides in 
Listeria (see e.g., Example 19, below). Enhanced expression and/or secretion of the 
heterologous protein obtained through optimization of the expression cassette has also been 
shown to lead to enhanced immunogenicity of the bacteria comprising the optimized 
expression cassettes (see, e.g., Example 20, below). In addition, expression cassettes 
encoding protein chimeras comprising a heterologous antigen embedded within an autolysin 
have been shown to useful in effecting efficient expression and secretion of a heterologous 
antigen in Listeria (see, e.g., Example 29, below). The autolysin protein chimeras have also 
been shown to be immunogenic (see, e.g., Example 31 A, below). In addition, Listeria 
comprising codon-optimized expression cassettes and/or expression cassettes comprising 
non-Listerial signal peptides have also been shown to be immunogenic, reduce tumor 
volume, and increase survival in a mouse model (see, e.g., Examples 3 1B-E, below). 
[0096] Accordingly, in one aspect, the invention provides a recombinant nucleic acid 

molecule, comprising a first polynucleotide encoding a signal peptide, wherein the first 
polynucleotide is codon-optimized for expression in a bacterium, and a second 
polynucleotide encoding a polypeptide (e.g., an antigen), wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide, and wherein the 
recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the second polynucleotide is codon-optimized as 
well (typically for expression in the same type of bacteria as the first polynucleotide). In 
some embodiments, the first polynucleotide or the first and second polynucleotides are 
codon-optinodzed for expression in Listeria, Bacillus, Yersinia pestis, Salmonella, Shigella, 
Brucella, mycobacteria or E, coli. In some embodiments, the polynucleotide(s) is codon- 
optimized for expression in Listeria, such as Listeria monocytogenes. In some embodiments, 
the polypeptide encoded by the second polynucleotide is (or comprises) an antigen, which, in 
some instances, may be a non-bacterial antigen. For instance, the antigen is, in some 
embodiments a tumor-associated antigen or is derived from such a tumor-associated antigen. 
For instance, in some embodiments, the antigen is K-Ras, H-Ras, N-Ras, 12-K-Ras, 
mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, 
PAGE-4, TARP, or CEA, or is derived fiom K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, 
PSCA, NY-ESOl, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, 
TARP, or CEA. For instance, in some embodiments, the antigen is mesothelin, or an 
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antigenic fragment or antigenic variant of mesothelin. In some other embodiments, the 
antigen is NY-ESO-1 , or an antigenic fragment or antigenic variant of NY-ESOl . In some 
embodiments, the antigen is an infectious disease antigen or is derived from an infectious 
disease antigen. In some embodiments, the signal peptide is bacterial (Listeria! or non- 
Listerial). In some embodiments, the signal peptide encoded by the codon-optimized first 
polynucleotide is native to the bacterium. In other embodiments, the signal peptide encoded 
by the codon-optimized first polynucleotide is foreign to the bacterium. In some 
embodiments, the signal peptide is a secAl signal peptide, such as an LLO signal peptide 
from Listeria monocytogenes, a Usp45 signal peptide from Lactococcus lactis, or a Protective 
Antigen signal peptide from Bacillus anthracis. In some embodiments, the signal peptide is a 
secA2 signal peptide. For instance, the signal peptide may be the p60 signal peptide from 
Listeria monocytogenes. In addition, the recombinant nucleic acid molecule optionally 
comprises a third polynucleotide sequence encoding p60, or a fragment thereof, in the same 
translatiorial reading frame as the first and second polynucleotides, wherein the second 
polynucleotide is positioned within the third polynucleotide or between the first and third 
polynucleotides. In still further embodiments, the signal peptide is a Tat signal peptide, such 
as a B. subtilis Tat signal peptide (e.g., PhoD). The invention also provides expression 
cassettes comprising the recombinant nucleic acid molecule and further comprising a 
promoter operably linked to the recombinant nucleic acid molecule (e.g., to the first and 
second polynucleotides (and third polynucleotide, if present)). Expression vectors and 
recombinant bacteria (e.g. Listeria) comprising the expression cassette are also provided, as 
are pharmaceutical compositions, immunogenic compositions, and vaccines, comprising the 
bacteria. Methods of using the bacteria or compositions comprising the bacteria to induce an 
immune response and/or prevent or treat a condition, such as a disease, are also provided. 
The use of the bacterium in the manufacture of a medicament for inducing an immune 
response in a host to an antigen, wherein the polypeptide encoded by the second 
polynucleotide comprises the antigen is also provided. 

[0097] In a second aspect, the invention provides a recombinant nucleic acid 

molecule, comprising (a) a first polynucleotide encoding a signal peptide native to a 
bacterium, wherein the first polynucleotide is codon-optimized for expression in the 
bacterium, and (b) a second polynucleotide encoding a polypeptide, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, wherein 
the recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the polypeptide encoded by the second 
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polynucleotide is heterologous to the signal peptide. In some embodiments, the second 
polynucleotide is heterologous to the first polynucleotide. In some embodiments, the 
polypeptide is foreign to the bacterium to which the signal peptide is native. In some 
embodiments, the polypeptide encoded by the second polynucleotide is heterologous to the 
signal peptide, foreign to the bacterium, or both. In some embodiments, the bacterium from 
which the signal peptide is derived is an intracellular bacterium. In some embodiments, the 
bacterium is selected from, the group consisting of Listeria, Bacillus, Yersinia pestis, 
Salmonella, Shigella, Brucella, mycobacteria and E. coll In some embodiments the 
bacterium is a Listeria bacterium (e.g., Listeria monocytogenes). In some embodiments, 
second polynucleotide is codon-optimized for expression in the bacterium. In some 
embodiments, the codon-optimization of the first and/or second polynucleotide enhances 
expression in and/or secretion from the bacterium of the encoded fusion protein (relative to 
the non-codon-optimized sequence). In some embodiments, the polypeptide encoded by the 
second polynucleotide comprises an antigen. The polypeptide encoded by the second 
polynucleotide is an antigen. In some embodiments, the antigen is a non-bacterial antigen. 
In some embodiments, the antigen is a tumor-associated antigen or comprises an antigen 
derived from a tumor-associated antigen. In some embodiments, the antigen is selected from 
the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, 
WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA, or is 
derived from an antigen selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K- 
Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP- 
17, PAGE-4, TARP, and CEA. For instance, in some embodiments, the antigen is 
mesothelin, or an antigenic fragment or variant thereof, or is NY-ESO-1, or an antigenic 
fragment or variant thereof. In some alternative embodiments, the antigen is an infectious 
disease antigen or is derived from an infectious disease antigen. In some embodiments, the 
signal peptide is a secAl signal peptide (e.g., LLO signal peptide from Listeria 
monocytogenes). In some embodiments, the signal peptide is a secA2 signal peptide (e.g., 
p60 signal peptide from Listeria monocytogenes). An expression cassette comprising the 
recombinant nucleic acid molecule and further comprising a promoter operably linked to the 
first and second polynucleotides of the recombinant nucleic acid molecule is also provided. 
An expression vector comprising the expression cassette is also provided. A recombinant 
bacterium comprising the recombinant nucleic acid molecule, wherein the first 
polynucleotide is codon-optimized for expression in the recombinant bacterium is also 
provided. In some embodiments, the recombinant bacterium is an intracellular bacterium. In 
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some embodiments, the recombinant bacterium is selected from the group consisting of 
Listeria, Bacillus, Yersinia pestis, Salmonella, Shigella, Brucella, mycobacteria and E. coli. 
In some embodiments, the bacterium is a recombinant Listeria bacterium (e.g., a recombinant 
Listeria monocytogenes bacterium). An immunogenic composition comprising the 
recombinant bacterium, wherein the polypeptide encoded by the second polynucleotide is an 
antigen is further provided. Methods of inducing an immune response in a host to an antigen 
comprising administering to the host an effective amount of a composition comprising the 
recombinant bacterium, wherein the polypeptide encoded by the second polynucleotide is (or 
comprises) the antigen, are also provided. The use of the bacterium in the manufacture of a 
medicament for inducing an immune response in a host to an antigen, wherein the 
polypeptide encoded by the second polynucleotide comprises the antigen is also provided. 
[0098] In a third aspect, the invention provides a recombinant Listeria bacterium 

(e.g., Listeria monocytogenes) comprising a recombinant nucleic acid molecule, wherein the 
recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding a signal 
peptide, wherein the first polynucleotide is codon-optimized for expression in the Listeria 
bacterium, and (b) a second polynucleotide encoding a polypeptide, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, wherein 
the recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the polypeptide encoded by the second 
polynucleotide is heterologous to the signal peptide. In some embodiments, the recombinant 
nucleic acid molecule is part of an expression cassette that further comprises a promoter 
operably linked to both the first and second polynucleotides. In other words, in some 
embodiments the recombinant Listeria bacterium comprises an expression cassette which 
comprises the recombinant nucleic acid molecule, wherein the expression cassette further 
comprises a promoter operably linked to both the first and second polynucleotides of the 
recombinant nucleic acid molecule. In some embodiments, the expression cassette is a 
polycistronic expression cassette. In some embodiments, the second polynucleotide is codon- 
optimized for expression in the Listeria bacterium. In some embodiments, the codon- 
optimization of the first and/or second polynucleotide enhances expression in and/or 
secretion from the Listeria bacterium of the encoded fusion protein (relative to the non- 
codon-optimized sequence). In some embodiments, the polypeptide encoded by the second 
polynucleotide is foreign to the Listeria bacterium (i.e., heterologous to the Listeria 
bacterium). In some embodiments, the polypeptide encoded by the second polynucleotide 
comprises an antigen (e.g., a non-Listerial or non-bacterial antigen). In some embodiments, 
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the polypeptide encoded by the second polynucleotide is an antigen. In some embodiments, 
the antigen is a tumor-associated antigen or is derived from a tumor-associated antigen. In 
some embodiments, the antigen is selected from the group consisting of K-Ras, H-Ras, N- 
Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, 
SPAS-1, SP-17, PAGE-4, TARP, and CEA, or is derived from an antigen selected from the 
group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, 
survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA. For 
instance, in some embodiments, the antigen is mesothelin, or an antigenic fragment or 
antigenic variant thereof. In some embodiments, the antigen is human mesothelin. In some 
embodiments, the antigen is human mesothelin deleted of its signal peptide and GPI linker 
domain. In some alternative embodiments, the antigen is NY-ESO-1, or an antigenic 
fragment or antigenic variant thereof. In some alternative embodiments, the antigen is an 
infectious disease antigen or is an antigen, derived from ah infectious disease antigen. In 
some embodiments, the signal peptide is non-Listerial. In some embodiments, the signal 
peptide is bacterial. In some embodiments, the signal peptide is foreign to the Listeria 
bacterium. In other embodiments, the signal peptide is native to the Listeria bacterium. In 
some embodiments, the signal peptide is a secAl signal peptide (e.g., LLO signal peptide 
from Listeria monocytogenes, Usp45 signal peptide from Lactococcus lactis, and Protective 
Antigen signal peptide from Bacillus anthracis). In some embodiments, the signal peptide is 
a secA2 signal peptide (e.g., p60 signal peptide from Listeria monocytogenes). In some 
embodiments the signal peptide is a Tat signal peptide (e.g., PhoD signal peptide from B. 
subtilis). In some embodiments, the Listeria bacterium is attenuated For instance, the 
Listeria may be attenuated for cell-to-cell spread, entry into non-phagocytic cells, or 
proliferation. In some embodiments, the recombinant Listeria bacterium is deficient with 
respect to ActA, Internalin B, or both Act A and Internalin B (e.g., an AactAAinIB double 
deletion mutant). In some embodiments, the recombinant Listeria bacterium is deleted in 
functional ActA, Internalin B, or both Act A and Internalin B. In some embodiments, the 
nucleic acid of the recombinant bacterium has been modified by reaction with a nucleic acid 
targeting compound (e.g., a psoralen compound). The invention also provides a 
pharmaceutical composition comprising the recombinant Listeria bacterium and a 
pharmaceutical^ acceptable carrier, as well an immunogenic composition comprising the 
recombinant Listeria bacterium, wherein the polypeptide encoded by the second 
polynucleotide is an antigen. The invention also provides a vaccine comprising the 
recombinant Listeria bacterium. Methods of inducing an immune response in a host to an 
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antigen comprising administering to the host an effective amount of a composition 
comprising the recombinant bacterium, wherein the polypeptide encoded by the second 
polynucleotide is (or comprises) an antigen are also provided. Also provided are methods of 
preventing or treating a condition (e.g., a disease such as cancer or an infectious disease) in a 
host comprising administering to the host an effective amount of a composition comprising 
the recombinant Listeria bacterium. The use of the bacterium in the manufacture of a 
medicament for inducing an immune response in a host to an antigen, wherein the 
polypeptide encoded by the second polynucleotide comprises the antigen is also provided. 
[0099] In a fourth aspect, the invention provides a recombinant nucleic acid molecule, 

comprising a first polynucleotide encoding a non-secAl bacterial signal peptide, and a 
second polynucleotide encoding a polypeptide (e.g., an antigen), wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, and 
wherein the recombinant nucleic acid molecule encodes a fusion protein comprising the 
signal peptide and the polypeptide. In some embodiments, the first polynucleotide and/or the 
second polynucleotide is codon-optimized for expression in a particular type of bacterium. In 
some embodiments, the codon-optimization of the first and/or second polynucleotide 
enhances expression in and/or secretion from the bacterium of the fusion protein (relative to 
the non-codon-optimized sequence). In some embodiments, the first polynucleotide and/or 
the second polynucleotide is codon-optimized for expression in Listeria, Bacillus, Yersinia 
pestis, Salmonella, Shigella, Brucella, mycobacteria or E. coli. In some embodiments, the 
polynucleotide(s) is codon-optimized for expression in Listeria, such as Listeria 
monocytogenes. In some embodiments, the signal peptide encoded by the codon-optimized 
first polynucleotide is native to the bacterium for which it is codon-optimized. In some 
embodiments, the first polynucleotide encoding the signal peptide is heterologous to the 
second polynucleotide. In some embodiments, the polypeptide encoded by the second 
polynucleotide is heterologous to the signal peptide. In some embodiments, the polypeptide 
encoded by the second polynucleotide comprises an antigen. In some embodiments, the 
polypeptide encoded by the second polynucleotide is an antigen, which, in some instances, 
may be a non-bacterial antigen. In some embodiments, the antigen is a tumor-associated 
antigen or is derived from such a tumor-associated antigen. For instance, in some 
embodiments, the antigen is K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO- 
1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA, or is 
derived from K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, 
survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA. For instance, 
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in some embodiments, the antigen is mesothelin, or is an antigenic fragment or antigenic 
variant of mesothelin. In some other embodiments, the antigen is NY-ESO-1, or an antigenic 
fragment or antigenic variant of NY-ESO-1 . In some embodiments, the antigen is an 
infectious disease antigen or is derived from an infectious disease antigen. In some 
embodiments, the signal peptide encoded by the first polynucleotide of the recombinant 
nucleic acid molecule is Listeria! In other embodiments, the signal peptide is non-Listerial. 
In some embodiments, the signal peptide is derived from a gram positive bacterium. In some 
embodiments, the signal peptide is derived from a bacterium belonging to the genus Bacillus, 
Staphylococcus, or Lactococcus. In some embodiments, the signal peptide is a secA2 signal 
peptide. For instance, the signal peptide may be the p60 signal peptide from Listeria 
monocytogenes. In addition, the recombinant nucleic acid molecule optionally comprises a 
third polynucleotide sequence encoding p60, or a fragment thereof, in the same translational 
reading frame as the first and second polynucleotides, wherein the second polynucleotide is 
positioned within the third polynucleotide or between the first and third polynucleotides. In 
still further embodiments, the signal peptide is a Tat signal peptide, such as a J?, subtilis Tat 
signal peptide (e.g., a B. subtilis PhoD signal peptide). The invention also provides 
expression cassettes comprising the recombinant nucleic acid molecule and further 
comprising a promoter operably linked to the first and second polynucleotides of the 
recombinant nucleic acid molecule. Expression vectors and bacteria comprising the 
expression cassette and/or recombinant nucleic acid molecule are also provided, as are 
pharmaceutical compositions, immunogenic compositions, and vaccines, comprising the 
bacteria. In some embodiments, the recombinant bacterium comprising the expression 
cassette or recombinant nucleic acid molecule is an intracellular bacterium. In some 
embodiments, the bacterium is a bacterium selected from the group consisting of Listeria, 
Bacillus, Yersinia pestis, Salmonella, Shigella, Brucella, mycobacteria or E. coli. In some 
embodiments, the bacterium is a Listeria bacterium (e.g., a member of the species Listeria 
monocytogenes). In some embodiments, the polypeptide encoded by the second 
polynucleotide is foreign to the bacterium (i.e., heterologous to the bacterium). Methods of 
using the bacteria or compositions comprising the bacteria to induce an immune response 
and/or to prevent or treat a condition (e.g., a disease) in a host are also provided. In some 
embodiment, the condition is cancer. In other embodiments, the condition is an infectious 
disease. The use of the bacterium in the manufacture of a medicament for inducing an 
immune response in a host to an antigen, wherein the polypeptide encoded by the second 
polynucleotide comprises the antigen is also provided. 
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[0100] In another aspect, the invention provides a recombinant Listeria bacterium 

comprising a recombinant nucleic acid molecule, wherein the recombinant nucleic acid 
molecule comprises (a) a first polynucleotide encoding a non-secAl bacterial signal peptide, 
and (b) a second polynucleotide encoding a polypeptide, wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide, wherein the recombinant 
nucleic acid molecule encodes a fusion protein comprising the signal peptide and the 
polypeptide. In some embodiments, the polypeptide encoded by the second polynucleotide is 
heterologous to the signal peptide or is foreign to the bacterium, or both. In some 
embodiments, the Listeria bacterium belongs to the species Listeria monocytogenes. In some 
embodiments, the recombinant nucleic acid molecule is part of an expression cassette that 
further comprises a promoter operably linked to both the first and second polynucleotides. 
In other words, in some embodiments, the recombinant Listeria bacterium comprises an 
expression cassette which comprises the recombinant nucleic acid molecule, wherein the 
expression cassette further comprises a promoter operably linked to both the first and second 
polynucleotides of the recombinant nucleic acid molecule. In some embodiments, the 
expression cassette is a polycistronic expression cassette. In some embodiments, the first 
polynucleotide, the second polynucleotide, or both the first and second polynucleotide are 
codon-optimized for expression in the Listeria bacterium (e.g., Listeria monocytogenes). In 
some embodiments, the codon-optimization of the first and/or second polynucleotide 
enhances expression in and/or secretion from the bacterium of the fusion protein (relative to 
the non-codon-optimized sequence). In some embodiments, the first and second 
polynucleotides are heterologous to each other. In some embodiments, the polypeptide 
encoded by the second polynucleotide and the signal peptide are heterologous to each other. 
In some embodiments, the polypeptide encoded by the second polynucleotide is foreign to the 
Listeria bacterium (i.e., heterologous to the Listeria bacterium). In some embodiments, the 
polypeptide encoded by the second polynucleotide comprises an antigen. In some 
embodiments, the polypeptide encoded by the second polynucleotide is an antigen (e.g., a 
non-Listerial or non-bacterial antigen). In some embodiments, the antigen is a tumor- 
associated antigen or is derived from a tumor-associated antigen. In some embodiments, the 
antigen is selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, 
PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, 
TARP, and CEA, or is derived from an antigen selected from the group consisting of K-Ras, 
H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA. For instance, in some 
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embodiments, the antigen is mesothelin, or an antigenic fragment or antigenic variant thereof. 
In some embodiments, the antigen is human mesothelin. In some embodiments, the antigen 
is human mesothelin deleted of its signal peptide and GPI linker domain. In some alternative 
embodiments, the antigen is an infectious disease antigen or is derived from an infectious 
disease antigen. In some embodiments, the signal peptide is non-Listerial. In some 
embodiments, the non-secAl signal peptide is a Listerial signal peptide. In other 
embodiments, the non-secAl signal peptide is a non-Listerial signal peptide. In some 
embodiments, the signal peptide is a secA2 signal peptide (e.g., p60 signal peptide from 
Listeria monocytogenes). In some embodiments, the recombinant nucleic acid molecule 
comprising a secA2 signal peptide, further comprises a third polynucleotide encoding a 
secA2 autolysin (e.g., p60 or N-acetylmuramidase), or a fragment thereof (e.g., a catalytically 
active fragment), in the same translational reading frame as the first and second 
polynucleotides, wherein the second polynucleotide is positioned within the third 
polynucleotide or between the first and third polynucleotides of the recombinant nucleic acid 
molecule. In some embodiments, the second polynucleotide is positioned within the third 
polynucleotide. In some embodiments the signal peptide is a Tat signal peptide. In some 
embodiments, the signal peptide is a Tat signal peptide derived B. subtilis. (e.g., PhoD signal 
peptide from B. subtilis). In some embodiments, the Listeria bacterium is attenuated. For 
instance, the Listeria may be attenuated for cell-to-cell spread, entry into non-phagocytic 
cells, or proliferation. In some embodiments, the recombinant Listeria bacterium is deficient 
with respect to ActA, Internalin B, or both Act A and Internalin B (e.g., an AactAAinlB 
double deletion mutant). In some embodiments, the recombinant Listeria bacterium is 
deleted in functional ActA, Internalin B, or both Act A and Internalin B. In some 
embodiments, the nucleic acid of the recombinant bacterium has been modified by reaction 
with a nucleic acid targeting compound (e.g., a psoralen compound). The invention also 
provides a pharmaceutical composition comprising the recombinant Listeria bacterium and a 
pharmaceutically acceptable carrier. The invention also provides an immunogenic 
composition comprising the recombinant bacterium, wherein the polypeptide encoded by the 
second polynucleotide is an antigen. The invention also provides a vaccine comprising the 
recombinant Listeria bacterium. Methods of inducing an immune response in a host to an 
antigen comprising administering to the host an effective amount of a composition 
comprising the recombinant bacterium, wherein the polypeptide encoded by the second 
polynucleotide is (or comprises) an antigen are also provided. Also provided are methods of 
preventing or treating a condition (e.g., a disease such as cancer or an infectious disease) in a 
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host comprising administering to the host an effective amount of a composition comprising 
the recombinant Listeria bacterium. The use of the bacterium in the manufacture of a 
medicament for inducing an immune response in a host to an antigen, wherein the 
polypeptide encoded by the second polynucleotide comprises the antigen is also provided. 
[0101] In another aspect, the invention provides a recombinant nucleic acid molecule 

comprising a polynucleotide encoding a polypeptide foreign to a Listeria bacterium (such as 
an antigen like a cancer antigen or a non-Listerial bacterial antigen), wherein the 
polynucleotide is codon-optimized for expression in Listeria. In some embodiments, the 
codon-optimization of the polynucleotide enhances expression in and/or secretion from a 
Listeria bacterium of the polypeptide (relative to the non-codon-optimized sequence). In 
some embodiments, the foreign polypeptide comprises an antigen. In some embodiments, the 
foreign polypeptide is an antigen. In some embodiments, the antigen is a non-bacterial 
antigen. For instance, the antigen is, in some embodiments a tumor-associated antigen or is 
derived from such a tumor-associated antigen. For instance, in some embodiments, the 
polypeptide is K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA,NY-ESO-l, WT-1, 
survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA, or is derived 
from K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, 
gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA. In some embodiments, 
the antigen is mesothelin, or is an antigenic fragment or antigenic variant of mesothelin. In 
some other embodiments, the antigen is NY-ESO-1, or is an antigenic fragment or variant of 
NY-ESO-1. In some other embodiments, the antigen is an infectious disease antigen or is 
derived from an infectious disease antigen. In some embodiments, the recombinant nucleic 
acid molecule further comprises a polynucleotide encoding a signal peptide in the same 
translational frame as the foreign polypeptide so that the recombinant nucleic acid molecule 
encodes a fusion protein comprising the signal peptide and the foreign polypeptide. In some 
embodiments, the polynucleotide encoding the signal peptide (which may or may not be 
native to Listeria) is codon-optimized for expression in Listeria monocytogenes. The 
invention further provides an expression cassette comprising the recombinant nucleic acid 
molecule and further comprising a promoter operably linked to the first and second 
polynucleotides of the recombinant nucleic acid molecule. A vector (e.g., an expression 
vector) comprising the recombinant nucleic acid molecule and/or expression cassette is also 
provided. The invention also provides a recombinant Listeria bacterium comprising the 
recombinant nucleic acid molecule and/or expression cassette. In some embodiments, the 
Listeria bacterium belongs to the species Listeria monocytogenes. Pharmaceutical 
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compositions, immunogenic compositions, and vaccines comprising the recombinant Listeria 
bacteria are also provided. The invention further provides a method of inducing an immune 
response in host to an antigen comprising administering to the host an effective amount of a 
composition comprising the recombinant Listeria bacterium, wherein the polypeptide is (or 
comprises) the antigen. In addition, the invention provides methods of using the recombinant 
Listeria bacteria to induce an immune response and/or prevent or treat a condition (e.g., a 
disease). The use of the bacterium in the manufacture of a medicament for inducing an 
immune response in a host to an antigen, wherein the foreign polypeptide comprises the 
antigen is also provided. 

[0102] In another aspect, the invention provides a recombinant Listeria bacterium 

comprising an expression cassette, wherein the expression cassette comprises a 
polynucleotide encoding a polypeptide foreign to the Listeria bacterium (such as an antigen 
like a cancer antigen or a non-Listerial bacterial antigen), wherein the polynucleotide is 
codon-optimized for expression in Listeria, and a promoter, operably linked to the 
polynucleotide encoding the foreign polypeptide. In some embodiments, the Listeria 
bacterium belongs to the species Listeria monocytogenes. In some embodiments, the codon- 
optimization of the polynucleotide enhances expression in and/or of the polypeptide from a 
Listeria bacterium of the polypeptide (relative to the non-codon-optimized sequence). In 
some embodiments, the foreign polypeptide comprises an antigen. In some embodiments, the 
foreign polypeptide is an antigen, which, in some instances, may be a non-bacterial antigen. 
For instance, the antigen is, in some embodiments a tumor-associated antigen or is derived 
from such a tumor-associated antigen. For instance, in some embodiments, the polypeptide is 
K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, 
PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA, or is derived from K-Ras, H- 
Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA. In some embodiments, the antigen is 
mesothelin, or is an antigenic fragment or antigenic variant of mesothelin. In some other 
embodiments, the antigen is NY-ESO-1, or is an antigenic fragment or antigenic variant of 
NY-ESO-1. In some other embodiments, the antigen is an infectious disease antigen or is 
derived from an infectious disease antigen. In some embodiments, the expression cassette 
further comprises a polynucleotide encoding a signal peptide which is operably linked to the 
promoter and in the same translational frame as the foreign polypeptide so that the expression 
cassette encodes a fusion protein comprising the signal peptide and the foreign polypeptide. 
In some embodiments, the polynucleotide encoding the signal peptide (which may or may not 
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be native to Listeria) is codon-optimized for expression in Listeria monocytogenes. 
Pharmaceutical compositions, immunogenic compositions, and vaccines comprising the 
recombinant Listeria bacteria are also provided. The invention further provides a method of 
inducing an immune response in host to an antigen comprising administering to the host an 
effective amount of a composition comprising the recombinant Listeria bacterium. In 
addition, the invention provides methods of using the recombinant Listeria bacteria to induce 
an immune response and/or prevent or treat a condition (e.g., a disease). The use of the 
bacterium in the manufacture of a medicament for inducing an immune response in a host to 
an antigen, wherein the foreign polypeptide comprises the antigen is also provided. 
[0103] In a further aspect, the invention provides a recombinant Listeria bacteriunx 

(e.g., Listeria monocytogenes) comprising a recombinant nucleic acid molecule, wherein tlie 
recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding a non- 
Listerial signal peptide; and (b) a second polynucleotide encoding a polypeptide that is in the 
same translational reading frame as the first polynucleotide, wherein the recombinant nucleic 
acid molecule encodes a fusion protein comprising both the non-Listerial signal peptide and 
the polypeptide. In some embodiments, the recombinant nucleic acid molecule is positioned 
in an expression cassette that further comprises a promoter, operably linked to both the first 
and second polynucleotides. Thus, in some embodiments the recombinant Listeria 
bacterium comprises an expression cassette which comprises the recombinant nucleic acid 
molecule, wherein the expression cassette further comprises a promoter operably linked to 
both the first and second polynucleotides of the recombinant nucleic acid molecule. In some 
embodiments, the expression cassette is a polycistronic expression cassette (e.g., a bicistronic 
expression cassette). In some embodiments, the first polynucleotide, the second 
polynucleotide, or both the first and second polynucleotide are codon-optimized for 
expression in Listeria (e.g., Listeria monocytogenes). In some embodiments, the codon- 
optimization of the first and/or second polynucleotide enhances expression of the fusion 
protein in and/or secretion of the fusion protein from the bacterium (relative to the non- 
codon-optimized sequence). In some embodiments, the first and second polynucleotides are 
heterologous to each other. In some embodiments, the polypeptide encoded by the second 
polynucleotide and the signal peptide are heterologous to each other. In some embodiments, 
the polypeptide encoded by the second polynucleotide is foreign to the Listeria bacterium 
(i.e., heterologous to the Listeria bacterium). In some embodiments, the polypeptide encoded 
by the second polynucleotide comprises an antigen (e.g., a non-Listerial antigen). The 
polypeptide encoded by the second polynucleotide is, in some embodiments, an antigen. In 
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some embodiments, the antigen is a tumor-associated antigen or is derived from a tumor- 
associated antigen. In some embodiments, the antigen is selected from the group consisting 
of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, 
PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA, or isderived from an antigen 
selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, 
NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and 
CEA. For instance, in some embodiments, the antigen is mesothelin, or an antigenic 
fragment or antigenic variant thereof. In some embodiments, the antigen is human 
mesothelin. In some embodiments, the antigen is human mesothelin deleted of its signal 
peptide and GPI linker domain. In some alternative embodiments, the antigen is an infectious 
disease antigen or is derived from an infectious disease antigen. In some embodiments, the 
signal peptide is bacterial. In some embodiments, the signal peptide is derived from an 
intracellular bacterium. In some embodiments, the signal peptide is derived from a gram 
positive bacterium. In some embodiments, the signal peptide is from a bacterium belonging 
to the genus Bacillus, Staphylococcus, or Lacotococcus (e.g., Bacillus anthracis, Bacillus 
subtilis, Staphylococcus aureus, or Lactococcus lactis). In some embodiments, the signal 
peptide is a secAl signal peptide (e.g., Usp45 signal peptide from Lactococcus lactis or 
Protective Antigen signal peptide from Bacillus anthracis). In some embodiments, the signal 
peptide is a secA2 signal peptide. In some embodiments the signal peptide is a Tat signal 
peptide (e.g., PhoD signal peptide from B. subtilis). In some embodiments, the Listeria 
bacterium is attenuated. For instance, in some embodiments, the Listeria are attenuated for 
cell-to-cell spread, entry into non-phagocytic cells, or proliferation. In some embodiments, 
the recombinant Listeria bacterium is deficient with respect to ActA, Internalin B, or both 
Act A and Internalin B (e.g., an AactAdinlB double deletion mutant). In some embodiments, 
the recombinant Listeria bacterium is deleted in functional ActA, Internalin B, or both Act A. 
and Internalin B. In some embodiments, the nucleic acid of the recombinant bacterium has 
been modified by reaction with a nucleic acid targeting compound (e.g., a psoralen 
compound). The invention also provides a pharmaceutical composition comprising the 
recombinant Listeria bacterium and a pharmaceutical^ acceptable carrier. The invention 
further provides an immunogenic composition comprising the recombinant bacterium, 
wherein the polypeptide encoded by the second polynucleotide is an antigen. The invention 
also provides a vaccine comprising the recombinant Listeria bacterium. Methods of inducing 
an immune response in a host to an antigen comprising administering to the host an effective 
amount of a composition comprising the recombinant Listeria bacterium, wherein the 
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polypeptide encoded by the second polynucleotide is (or comprises) an antigen are also 
provided. Also provided are methods of preventing or treating a condition (e.g., a disease 
such as cancer or an infectious disease) in a host comprising administering to the host an 
effective amount of a composition comprising the recombinant Listeria bacterium. The use 
of the bacterium in the manufacture of a medicament for inducing an immune response in a 
host to an antigen, wherein the polypeptide encoded by the second polynucleotide comprises 
the antigen is also provided. 

[0104] In still another aspect, the invention provides a recombinant Listeria bacterium 

(for instance, from the species Listeria monocytogenes) comprising an expression cassette 
which comprises a first polynucleotide encoding a non-Listerial signal peptide, a second 
polynucleotide encoding a polypeptide that is in the same translational reading frame as the 
first polynucleotide, and a promoter operably linked to both the first and second 
polynucleotides. The expression cassette encodes a fusion protein comprising both the non- 
Listerial signal peptide and the polypeptide. In some embodiments, the Listeria bacterium is 
attenuated for cell-to-cell spread, entry into non-phagocytic cells, or proliferation. In some 
embodiments, the first polynucleotide, the second polynucleotide, or both the first and second 
polynucleotides are codon-optimized for expression in Listeria. In some embodiments, the 
codon-optimization of the first and/or second polynucleotide enhances expression in and/or 
secretion from the bacterium of the encoded fusion protein (relative to the non-codon- 
optimized sequence). In some embodiments, the first polynucleotide and/or second 
polynucleotide is codon-optimized for expression in Listeria monocytogenes. In some 
embodiments, the polypeptide encoded by the second polynucleotide comprises an antigen. 
In some embodiments, the polypeptide encoded by the second polynucleotide is an antigen, 
which, in some instances, may be a non-bacterial antigen. For instance, the antigen is, in 
some embodiments a tumor-associated antigen or is derived from such a tumor-associated 
antigen. For instance, in some embodiments, the antigen is K-Ras, H-Ras, N-Ras, 12-K-Ras, 
mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, 
PAGE-4, TARP, or CEA, or is derived from K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, 
PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, 
TARP, or CEA. For instance, in some embodiments, the antigen is mesothelin, or is a 
antigenic fragment or antigenic variant of mesothelin. In some other embodiments, the 
antigen is NY-ESO-1, or an antigenic fragment or antigenic variant of NY-ESO-1. In some 
embodiments, the antigen is an infectious disease antigen or is derived from an infectious 
disease antigen. In preferred embodiments, the signal peptide is bacterial. In some 
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embodiments, the signal peptide is from a bacterium belonging to the genus Bacillus, 
Staphylococcus, or Lactococcus. For instance, in some embodiments, the signal peptide is 
from Bacillus anthracis, Bacillus subtilis, Staphylococcus aureus, or Lactococcus lactis. In 
some embodiments, the signal peptide is a secAl signal peptide, such as a Usp45 signal 
peptide from Lactococcus lactis or a Protective Antigen signal peptide from Bacillus 
anthracis. In some embodiments, the signal peptide is a secA2 signal peptide. In still further 
embodiments, the signal peptide is a Tat signal peptide, such as a B. subtilis Tat signal 
peptide (e.g., PhoD). Pharmaceutical compositions, immunogenic compositions, and 
vaccines comprising the recombinant Listeria bacteria described herein are also provided. In 
addition, the invention provides methods of using the recombinant Listeria bacteria to induce 
an immune response and/or to prevent or treat a condition such as a disease. The use of the 
bacterium in the manufacture of a medicament for inducing an immune response in a host to 
an antigen, wherein the polypeptide encoded by the second polynucleotide comprises the 
antigen is also provided. 

[0105] The invention further provides a recombinant nucleic acid molecule, 

comprising (a) a first polynucleotide encoding a bacterial autolysin, or a catalytically active 
fragment or catalytically active variant thereof; and (b) a second polynucleotide encoding a 
polypeptide, wherein the second polynucleotide is in the same translational reading frame as 
the first polynucleotide, wherein the recombinant nucleic acid molecule encodes a protein 
chimera comprising the polypeptide encoded by the second polynucleotide and the autolysin, 
or catalytically active fragment or catalytically active variant thereof, wherein, in the protein 
chimera, the polypeptide is fused to the autolysin, or catalytically active fragment or 
catalytically active variant thereof, or is positioned within the autolysin, or catalytically active 
fragment or catalytically active variant thereof. In some embodiments, the first 
polynucleotide encodes a bacterial autolysin. In some embodiments, the protein chimera is 
catalytically active as an autolysin. In some embodiments, the bacterial autolysin is from an 
intracellular bacterium (e.g., Listeria). In some embodiments, the bacterial autolysin is a 
Listerial autolysin. In some embodiments, the second polynucleotide encoding the 
polypeptide is positioned within the first polynucleotide encoding the autolysin, or 
catalytically active fragment or catalytically active variant thereof, and the recombinant 
nucleic acid molecule encodes a protein chimera in which the polypeptide is positioned 
within the autolysin, or catalytically active fragment or catalytically active variant thereof 
(i.e., the polypeptide is embedded within the autolysin or catalytically active fragment or 
variant). In some alternative embodiments, the second polynucleotide is positioned outside 
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of the first polynucleotide encoding the autolysin, or catalytically active fragment or 
catalytically active variant thereof, and the recombinant nucleic acid molecule encodes a 
protein chimera in which the polypeptide is fused to the autolysin, or catalytically active 
fragment or catalytically active variant thereof. In some embodiments, the polypeptide is 
heterologous to the autolysin. In some embodiments, the first polynucleotide and the second 
polynucleotide are heterologous to each other. In some embodiments, the recombinant 
nucleic acid molecule further comprises (c) a third polynucleotide encoding a signal peptide 
in the same translation^ reading frame as the first and second polynucleotides, wherein the 
recombinant nucleic acid molecule encodes a protein chimera comprising the signal peptide, 
the polypeptide encoded by the second polynucleotide, and the autolysin, or catalytically 
active fragment or catalytically active variant thereof. In some embodiments, the signal 
peptide is a secA2 signal peptide (such as p60). In some embodiments, the signal peptide is 
the signal peptide associated with the autolysin in nature (e.g., the signal peptide is p60 and 
the autolysin is p60). In some embodiments, the autolysin is a secA2-dependent autolysin. 
In some embodiments, the autolysin is a peptidoglycan hydrolase (e.g., N-acetylmuramidase 
or p60). In some embodiments, the polypeptide encoded by the second polynucleotide 
comprises an antigen. In some embodiments, the polypeptide is an antigen (e.g., a tumor- 
associated antigen, an antigen derived from a tumor-associated antigen, an infectious disease 
antigen, or an antigen derived from an infectious disease antigen. In some embodiments, the 
antigen is selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, 
PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, 
TARP, and CEA, or is derived from an antigen selected from the group consisting of K-Ras, 
H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE^, TARP, and CEA. For instance, in some 
embodiments, the antigen is mesothelin, or an antigenic fragment or antigenic variant thereof. 
In some embodiments, the antigen is human mesothelin. In some embodiments, the antigen 
is human mesothelin deleted of its signal peptide and GPI anchor. The invention also 
provides an expression cassette comprising the recombinant nucleic acid molecule, further 
comprising a promoter operably linked to the first and second polynucleotides of the 
recombinant nucleic acid molecule, as well as an expression vector comprising the expression 
cassette. The invention further provides a recombinant bacterium comprising the 
recombinant nucleic acid molecule. In some embodiments, the recombinant bacterium is an 
intracellular bacterium, such as a Listeria bacterium (e.g., Listeria monocytogenes). In some 
embodiments, the polypeptide encoded by the second polynucleotide is foreign to the 
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recombinant bacterium. A pharmaceutical composition comprising (a) the recombinant 
bacterium, and (b) a pharmaceutically acceptable carrier is also provided. In addition, an 
immunogenic composition comprising the recombinant bacterium, wherein the polypeptide 
encoded by the second polynucleotide is an antigen, is also provided. Also provided is a 
vaccine comprising the recombinant bacterium, wherein the polypeptide encoded by the 
second polynucleotide is an antigen. The invention also provides a method of inducing an 
immune response in a host to an antigen comprising administering to the host an effective 
amount of a composition comprising the recombinant bacterium, wherein the polypeptide 
encoded by the second polynucleotide is (or comprises) the antigen. A method of preventing 
or treating a condition in a host comprising administering to the host an effective amount of a 
composition comprising the recombinant bacterium is also provided. The use of the 
bacterium in the manufacture of a medicament for inducing an immune response in a host to 
an antigen, wherein the polypeptide encoded by the second polynucleotide comprises the 
antigen is also provided. 

[0106] In yet another aspect, the invention provides a recombinant Listeria bacterium 

comprising a polycistronic expression cassette, wherein the polycistronic expression cassette 
encodes at least two discrete non-Listerial polypeptides. For instance, in some embodiments, 
the expression cassette comprises a first polynucleotide encoding the first non-Listerial 
polypeptide, a second polynucleotide encoding the second non-Listerial polypeptide, and a 
promoter operably linked to the first and second polynucleotides. In some embodiments, the 
expression cassette further comprises an intergenic sequence between the first and second 
polynucleotides. In some embodiments, the polycistronic expression cassette is a bicistronic 
expression cassette which encodes two discrete non-Listerial polypeptides. In some 
embodiments, the recombinant Listeria bacterium belongs to the species Listeria 
monocytogenes. In some embodiments, at least one of the non-Listerial polypeptides 
encoded by the polycistronic expression cassette comprises an antigen. In some 
embodiments, at least two of the non-Listerial polypeptides each comprise fragments of the 
same antigen. In some embodiments, the antigen is a tumor-associated antigen or is derived 
from a tumor-associated antigen. For instance, in some embodiments, the antigen is an 
antigen selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, 
PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, 
TARP, and CEA, or is derived from an antigen selected from the group consisting of K-Ras, 
H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA. In some embodiments, the antigen 
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is mesothelin, or an antigenic fragment or antigenic variant thereof. In some embodiments, 
the antigen is human mesothelin. In some embodiments, the antigen is human mesothelin 
deleted of its signal peptide and GPI anchor. In some embodiments, the antigen is an 
infectious disease antigen or is derived from an infectious disease antigen. In some 
embodiments, at least one of the non-Listerial polypeptides encoded by the polycistronic 
expression cassette comprises a signal peptide (either a Listerial signal peptide or a non- 
Listerial signal peptide). In some embodiments, the signal peptide is a secAl signal peptide. 
In some embodiments, the signal peptide is a secA2 signal peptide. In other embodiments, 
the signal peptide is a Tat signal peptide. In some embodiments, the expression cassette 
comprises a polynucleotide encoding the signal peptide, wherein the polynucleotide encoding 
the signal peptide is codon-optimized for expression in Listeria. The invention also provides 
a pharmaceutical composition comprising: (a) the recombinant Listeria bacterium, and (b) a 
pharmaceutical^ acceptable carrier. Also provided is an immunogenic composition 
comprising the recombinant Listeria bacterium. Also provided is a vaccine comprising the 
recombinant Listeria bacterium. A method of inducing an immune response in a host to an 
antigen comprising administering to the host an effective amount of a composition 
comprising the recombinant Listeria bacterium is also provided wherein at least one of the 
non-Listerial polypeptides comprises an antigen, A method of preventing or treating a 
condition in a host comprising administering to the host an effective amount of a composition 
comprising the recombinant Listeria bacterium is also provided. The use of the bacterium in 
the manufacture of a medicament for inducing an immune response in a host to an antigen, 
wherein at least one of the non-Listerial polypeptides encoded by the polycistronic expression 
cassette comprises the antigen is also provided. 

[0107] In other aspects, the invention provides a recombinant nucleic acid molecule, 

comprising (a) a first polynucleotide encoding a signal peptide, (b) a second polynucleotide 
encoding a secreted protein, or a fragment thereof, wherein the second polynucleotide is in 
the same translational reading frame as the first polynucleotide, and (c) a third 
polynucleotide encoding a polypeptide heterologous to the secreted protein, or fragment 
thereof, wherein the third polynucleotide is in the same translational reading frame as the first 
and second polynucleotides, wherein the recombinant nucleic acid molecule encodes a 
protein chimera comprising the signal peptide, the polypeptide encoded by the third 
polynucleotide, and the secreted protein, or fragment thereof, and wherein the polypeptide 
encoded by the third polynucleotide is fused to the secreted protein, or fragment thereof, or is 
positioned within the secreted protein, or fragment thereof, in the protein chimera. In some 
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embodiments, the secreted protein is a naturally secreted protein (i.e., a protein that is 
secreted from its native cell). In some embodiments, the third polynucleotide is positioned 
within the second polynucleotide in the recombinant nucleic acid molecule, and the 
polypeptide encoded by the third polynucleotide is positioned with the secreted protein, or 
fragment thereof, in the protein chimera encoded by the recombinant nucleic acid molecule. 
In some embodiments, the third polynucleotide is positioned outside of the second 
polynucleotide in the recombinant nucleic acid molecule and the polypeptide encoded by the 
third polynucleotide is fused to the secreted protein or fragment thereof, in the protein 
chimera. An expression cassette comprising the recombinant nucleic acid molecule and 
further comprising a promoter operably linked to the first, second, and third polynucleotides 
of the recombinant nucleic acid molecule is also provided. In some embodiments, the 
polypeptide encoded by the second polynucleotide comprises an antigen. In some 
embodiments, the polypeptide encoded by the second polynucleotide is an antigen. For 
instance, in some embodiments, the antigen is a tumor-associated antigen or is derived from a 
tumor-associated antigen, (e.g., an antigen selected from the group consisting of K-Ras, H- 
Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA, or is derived from an antigen 
selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, 
NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and 
CEA). In some embodiments, the antigen is mesothelin, or an antigenic fragment or 
antigenic variant thereof. For instance, in some embodiments, the antigen is human 
mesothelin or is human mesothelin deleted of its signal peptide and GPI anchor. In 
alternative embodiments, the antigen is an infectious disease antigen or is derived from an 
infectious disease antigen. An expression vector comprising the expression cassette is also 
provided. Recombinant bacteria comprising the recombinant nucleic acid molecules are also 
provided. A recombinant Listeria bacterium (e.g., Listeria monocytogenes) is also provided 
and in some embodiments, the polypeptide encoded by the third nucleotide is foreign to the 
Listeria bacterium. The invention also provides an immunogenic composition comprising the 
recombinant bacterium, wherein the polypeptide encoded by the third polynucleotide is an 
antigen. Also provided is a method of inducing an immune response in a host to an antigen 
comprising administering to the host an effective amount of a composition comprising the 
recombinant bacterium, wherein the polypeptide encoded by the third polynucleotide is (or 
comprises) an antigen. Pharmaceutical compositions and vaccines, comprising the bacteria 
are also provided, as are methods of using the recombinant bacteria or compositions 
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comprising the bacteria to prevent or treat a condition in a host. The use of the bacterium in 
the manufacture of a medicament for inducing an immune response in a host to an antigen, 
wherein the polypeptide encoded by the third polynucleotide comprises the antigen is also 
provided. 

[0108] In further aspects, the invention provides improved methods of expressing and 

secreting heterologous proteins in host bacteria. The invention also provides methods of 
improving expression and secretion of heterologous proteins in bacteria. The invention 
further provides methods of making the recombinant nucleic acid molecule, expression 
cassettes, expression vectors, and recombinant bacteria described herein. 
[0109] The invention also provides a variety of polynucleotides useful in optimizing 

expression of heterologous polynucleotides in bacteria such as Listeria. 
[0110] It will be understood that embodiments set forth in a Markush group, Markush 

claim, or by way of "or language," encompass each separate embodiment, any combination 
of each of separate embodiments, as well as an invention consisting of or comprising all of 
each of the separate embodiments, unless dictated otherwise explicitly or by the context. 
[0111] Further descriptions of the aspects and embodiments described above as well 

as additional embodiments and aspects of the invention are provided below. 

II. Recombinant nucleic acid molecules 

[0112] The invention provides a variety of polynucleotides useful for expression of 

polynucleotides, such as heterologous polynucleotides, in bacteria such as Listeria. For 
instance, recombinant nucleic acid molecules comprising novel combinations of sequences 
encoding signal peptides (or polypeptides comprising signal peptides) with coding sequences 
of polypeptides such as heterologous antigens are provided. Recombinant nucleic acid 
molecules comprising codon-optimized polynucleotide sequences are provided. In some 
embodiments, these recombinant nucleic acid molecules are heterologous in that they 
comprise polynucleotides (i.e., polynucleotide sequences) which are not naturally found in 
combination with each other as part of the same nucleic acid molecule. In some 
embodiments, the recombinant nucleic acid molecules are isolated. In some embodiments, 
the recombinant nucleic acid molecules are positioned within the sequences of expression 
cassettes, expression vectors, plasmid DNA within bacteria, and/or even the genomic DNA of 
bacteria (following insertion). In some embodiments, the recombinant nucleic acid 
molecules provide enhanced expression and/or secretion of the polypeptide (e.g., a 
heterologous polypeptide) within a bacterium. 
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[0113] In some embodiments, the recombinant nucleic acid molecule is DNA. In 

some embodiments, the recombinant nucleic acid molecule is RNA. In some embodiments, 
the recombinant nucleic acid is single-stranded. In other embodiments, the recombinant 
nucleic acid is double-stranded. 

[0114] In some embodiments, the recombinant nucleic acid molecules described 

herein encode a fusion protein such as fusion protein comprising a signal peptide and another 
polypeptide, such as a polypeptide heterologous to the signal peptide. In some embodiments, 
the signal peptide is a bacterial signal peptide. It is understood that the recited polypeptide 
components of a fusion protein may, but need not necessarily be, directly fused to each other. 
The polypeptide components of a fusion protein, may in some embodiments be separated on 
the polypeptide sequence by one or more intervening amino acid sequences; In some 
embodiments the other polypeptide is non-bacterial, for instance, mammalian or viral. 
[0115] For instance, in one aspect, the invention provides a recombinant nucleic acid 

molecule, comprising: (a) a first polynucleotide encoding a signal peptide, wherein the first 
polynucleotide is codon-optimized for expression in a bacterium; and (b) a second 
polynucleotide encoding a polypeptide (e.g., an antigen), wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide, wherein the recombinant 
nucleic acid molecule encodes a fusion protein comprising the signal peptide and the 
polypeptide. In additional embodiments, the second polynucleotide (the polynucleotide 
encoding the polypeptide, such as an antigen) is also codon-optimized for expression in a 
bacterium. The bacterium for which the first and/or second polynucleotide is codon- 
optimized should be the bacterium of a type in which the recombinant nucleic acid molecule 
is intended to be placed. 

[0116] In another aspect, the invention provides a recombinant nucleic acid molecule, 

comprising (a) a first polynucleotide encoding a signal peptide native to a bacterium, wherein 
the first polynucleotide is codon-optimized for expression in the bacterium, and (b) a second 
polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, wherein the recombinant nucleic acid 
molecule encodes a fusion protein comprising the signal peptide and the polypeptide. In 
some embodiments, the polypeptide encoded by the second polynucleotide is heterologous to 
the signal peptide. In some embodiments, the second polynucleotide is heterologous to the 
first polynucleotide. In some embodiments, the polypeptide is heterologous to the bacterium 
to which the signal peptide is native (i.e., foreign to the bacterium). In some embodiments, 
the polypeptide encoded by the second polynucleotide is heterologous to the signal peptide, 
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foreign to the bacterium, or both. In some embodiments, the bacterium from which the signal 
peptide is derived is an intracellular bacterium. In some embodiments, the bacterium is 
selected from the group consisting of Listeria, Bacillus, Yersinia pestis, Salmonella, Shigella, 
Brucella, mycobacteria and E. coli. In some embodiments, the signal peptide is native to a 
Listeria bacterium. In some embodiments, the signal peptide is native to a Listeria bacterium 
belonging to the species Listeria monocytogenes. In some embodiments, the second 
polynucleotide is codon-optimized for expression in the bacterium. 

[0117] In another aspect, the invention provides a recombinant nucleic acid molecule, 

wherein the recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding 
a signal peptide, wherein the first polynucleotide is codon-optimized for expression in a 
Listeria bacterium, and (b) a second polynucleotide encoding a polypeptide, wherein the 
second polynucleotide is in the same translational reading frame as the first polynucleotide, 
wherein the recombinant nucleic acid molecule encodes a fusion protein comprising the 
signal peptide and the polypeptide. In some embodiments, the signal peptide is native to the 
Listeria bacterium. In some other embodiments, the signal peptide is foreign to the Listeria 
bacterium. In some embodiments, the signal peptide is heterologous to the polypeptide 
encoded by the second polynucleotide. In some embodiments, the polypeptide encoded by 
the second polynucleotide is heterologous to the Listeria bacterium. In some embodiments, 
the Listeria bacterium belongs to the species Listeria monocytogenes. 
[0118] The invention also provides a recombinant nucleic acid molecule comprising a 

polynucleotide encoding a polypeptide foreign to a Listeria bacterium (e.g., a cancer or non- 
Listerial infectious disease antigen), wherein the polynucleotide encoding the foreign 
polypeptide is codon-optimized for expression in the Listeria bacterium. 
[0119] In another aspect, the invention provides a recombinant nucleic acid molecule, 

comprising: (a) a first polynucleotide encoding a non-secAl bacterial signal peptide, and 
(b) a second polynucleotide encoding a polypeptide, such as an antigen, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, wherein 
the recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the non-secAl bacterial signal peptide is a 
secA2 signal peptide or a Tat signal peptide. In some embodiments, the first polynucleotide 
encoding the non-sec A 1 signal peptide is codon-optimized for expression in the bacteria in 
which the recombinant nucleic acid molecule is intended to be placed (e.g., Listeria). In 
some embodiments, the second polynucleotide encoding a polypeptide, such as an antigen, is 
codon-optimized for expression in the bacteria in which the recombinant nucleic acid 
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molecule is intended to be placed. In some embodiments, the polypeptide encoded by the 
second polynucleotide is heterologous to the signal peptide. In some embodiments, the 
polypeptide encoded by the second polynucleotide is foreign to the bacterium in which the 
recombinant nucleic acid molecule is to be incorporated or has been incorporated. In some 
embodiments, the polypeptide encoded by the second polynucleotide is foreign to the 
bacterium in which the recombinant nucleic acid molecule is to be incorporated or has been 
incorporated and the polypeptide encoded by the second polynucleotide is also heterologous 
to the signal peptide. 

[0120] The invention further provides a recombinant nucleic acid molecule, 

comprising a first polynucleotide encoding a non-secAl bacterial signal peptide, a second 
polynucleotide encoding a polypeptide (e.g., heterologous protein and/or antigen), and a third 
polynucleotide encoding a SecA2 autolysin, or fragment thereof, in the same translational 
reading frame as the first and second polynucleotides, wherein the second polynucleotide is 
positioned within the third polynucleotide or between the first and third polynucleotides. In 
some embodiments, the recombinant nucleic acid molecule encodes a fusion protein 
comprising the signal peptide, the polypeptide, and the autolysin. In some embodiments, the 
fragment of the autolysin is catalytically active as an autolysin. In some embodiments, the 
autolysin is from an intracellular bacterium. In some embodiments, the autolysin is a 
peptidoglycan hydrolase. In some embodiments, the bacterial autolysin is a Listerial 
autolysin. In some embodiments, the autolysin is p60. In some embodiments, the autolysin 
is N-acetylmuramidase. 

[0121] The invention also provides a recombinant nucleic acid molecule, wherein the 

recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding a non- 
Listerial signal peptide; and (b) a second polynucleotide encoding a polypeptide that is in the 
same translational reading frame as the first polynucleotide, wherein the recombinant nucleic 
acid molecule encodes a fusion protein comprising both the non-Listerial signal peptide and 
the polypeptide. In some embodiments, the non-Listerial signal peptide is heterologous to the 
polypeptide encoded by the second polynucleotide. In some embodiments, the first 
polynucleotide, the second polynucleotide, or both the first and second polynucleotides are 
codon-optimized for expression in a Listeria bacterium. 

[0122] The invention also provides a recombinant nucleic acid molecule, comprising 

(a) a first polynucleotide encoding a bacterial autolysin, or a catalytically active fragment or 
catalytically active variant thereof and (b) a second polynucleotide encoding a polypeptide, 
wherein the second polynucleotide is in the same translational reading frame as the first 
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polynucleotide, wherein the recombinant nucleic acid molecule encodes a protein chimera 
comprising the polypeptide encoded by the second polynucleotide and the autolysin, or 
catalytically active fragment or catalytically active variant thereof, wherein, in the protein 
chimera, the polypeptide is fused to the autolysin, or catalytically active fragment or 
catalytically active variant thereof, or is positioned within the autolysin, or catalytically active 
fragment or catalytically active variant thereof. In some embodiments, the second 
polynucleotide is positioned within the first polynucleotide, and the recombinant nucleic acid 
molecule encodes a protein chimera in which the polypeptide encoded by the second 
polynucleotide is positioned within the autolysin, or catalytically active fragment or 
catalytically active variant thereof. In some embodiments, the second polynucleotide is 
positioned outside the second polynucleotide, and the recombinant nucleic acid molecule 
encodes a protein chimera in which the polypeptide encoded by the second polynucleotide is 
fused to the autolysin, or catalytically active fragment or catalytically active variant thereof. 
In some embodiments, the first polynucleotide encodes an autolysin. In some embodiments, 
the recombinant nucleic acid molecule further comprises (c) a third polynucleotide encoding 
a signal peptide in the same translational reading frame as the first and second 
polynucleotides, wherein the recombinant nucleic acid molecule encodes a protein chimera 
comprising the signal peptide, the polypeptide encoded by the second polynucleotide, and the 
autolysin, or catalytically active fragment or catalytically active variant thereof. In some 
embodiments, the polypeptide encoded by the second polynucleotide is heterologous to the 
autolysin. In some embodiments, the fragments of the autolysin are at least about 30, at least 
about 40, at least about 50, or at least about 100 amino acids in length. In some embodiments, 
the autolysin is from an intracellular bacterium. In some embodiments, the bacterial autolysin 
is a Listerial autolysin. Catalytically active variants of an autolysin include variants that 
differ from the original autolysin in one or more substitutions, deletions, additions, and/or 
insertions. In some embodiments, the autolysin is a peptidoglycan hydrolase. In some 
embodiments, the autolysin is p60. In some embodiments, the autolysin is N- 
acetylmuramidase. 

[0123] Additional autolysins can be identified and characterized by zymography, a 

technique known to those skilled in the art (see, e.g., Lenz, et al. (2003) Proc. Natl. Acad. Sci. 
USA 100:12432-12437). Zymography can also be used determine whether a given fragment 
and/or variant of an autolysin is catalytically active as an autolysin. The technique can also 
be used to assess whether or not a particular protein chimera is catalytically active as an 
autolysin. 
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[0124] In some embodiments, the catalyticaliy active fragments and/or variants of the 

autolysin are at least about 10%, at least about 30%, at least about 50%, at least about 75%, at 
least about 90%, or at least about 95% as catalyticaliy active as an autolysin as the native 
autolysin. 

[0125] In some embodiments, the protein chimera is catalyticaliy active as an 

autolysin. In some embodiments, the protein chimera is at least about 10%, at least about 
30%, at least about 50%, at least about 75%, at least about 90%, or at least about 95% as 
catalyticaliy active as an autolysin as the native autolysin. 

[0126] Another option for heterologous protein expression is to utilize a protein 

"scaffold" into which a heterologous protein is functionally inserted "in-frame." In this 
composition, whole genes or components of the gene corresponding to, for example, MHC 
class I or MHC class II epitopes are inserted within and through a scaffold protein. The 
scaffold protein can be a highly expressed bacterial proteins (such as a Listeria protein, like 
LLO or p60), but in another embodiment can be a heterologous protein that is selected for its 
high expression, stability, secretion, and or (lack of) immunogenicity. Representative 
examples of scaffold proteins are chicken ovalbumin, or other human proteins, such as p- 
globin or albumin. 

[0127] The invention also provides a recombinant nucleic acid molecule, comprising 

(a) a first polynucleotide encoding a signal peptide, (b) a second polynucleotide encoding a 
secreted protein, or a fragment thereof, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, and (c) a third polynucleotide 
encoding a polypeptide heterologous to the secreted protein, or fragment thereof, wherein the 
third polynucleotide is in the same translational reading frame as the first and second 
polynucleotides, wherein the recombinant nucleic acid molecule encodes a protein chimera 
comprising the signal peptide, the polypeptide encoded by the second polynucleotide, and the 
secreted protein, or fragment thereof, and wherein the polypeptide is fused to the secreted 
protein, or fragment thereof, or is positioned within the secreted protein, or fragment thereof, 
in the protein chimera. In some embodiments, the second polynucleotide encodes a secreted 
protein. In some embodiments, the secreted protein is a protein that is secreted from its native 
cell. In some embodiments, the third polynucleotide is positioned within the second 
polynucleotide in the recombinant nucleic acid molecule, and the polypeptide encoded by the 
third polynucleotide is positioned with the secreted protein, or fragment thereof, in the 
protein chimera encoded by the recombinant nucleic acid molecule. In some embodiments, 
the third polynucleotide is positioned outside of the second polynucleotide in the nucleic acid 
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molecule and the polypeptide encoded by the third polynucleotide is fused to the secreted 
protein or fragment thereof, in the protein chimera. In some embodiments, the secreted 
protein is ovalbumin. In some embodiments, a truncated form of ovalbumin is used. In some 
embodiments, the secreted protein is p60. In some embodiments, the secreted protein is N- 
acetylmuramidase. In some embodiments, the signal peptide is the signal peptide normally 
associated with the secreted protein. In some embodiments, the signal peptide is heterologous 
to the secreted protein. In some embodiments, the fragments of the secreted protein are at 
least about 30, at least about 40, at least about 50, or at least about 100 amino acids in length. 
[0128] In some embodiments, the recombinant nucleic acid molecule, expression 

cassette, or expression vector comprises a coding sequence for a polypeptide that is foreign to 
the bacteria, embedded within part or a whole coding sequence of a protein that is highly 
expressed within the bacteria. In some embodiments, the highly expressed sequence is native 
to the bacteria in which the sequence is to be expressed. In other embodiments, the highly 
expressed sequence is not native to the bacteria in which it is to be expressed, but provides 
sufficient expression, nonetheless. 

[0129] In another aspect, the invention provides a recombinant nucleic acid molecule, 

wherein the nucleic acid molecule encodes at least two discrete non-Listerial polypeptides. 
In some embodiments, the polynucleotides encoding the non-Listerial polypeptides are 
codon-optimized for expression in a Listeria bacterium. 

[0130] Methods of preparing recombinant nucleic acid molecules, including those 

described above, are well known to those of ordinary skill in the art. For instance, 
recombinant nucleic acid molecules can be prepared by synthesizing long oligonucleotides on 
a DNA synthesizer which overlap with each other and then performing extension reaction 
and/or PCR to generate the desired quantity of double-stranded DNA. The double-stranded 
DNA can be cut with restriction enzymes and inserted into the desired expression or cloning 
vectors. Sequencing may be performed to verify that the correct sequence has been obtained. 
Also by way of non-limiting example, alternatively, one or more portions of the recombinant 
nucleic acid molecules may be obtained from plasmids containing the portions. PCR of the 
relevant portions of the plasmid and/or restriction enzyme excision of the relevant portions of 
the plasmid can be performed, followed by ligation and/or PCR to combine the relevant 
polynucleotides to generate the desired recombinant nucleic acid molecules. Such techniques 
are standard in the art. Standard cloning techniques may also be used to insert the 
recombinant nucleic acid sequence into a plasmid and replicate the recombinant nucleic acid 
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within a host cell, such as bacteria. The recombinant nucleic acid can then be isolated from 
the host cell. 

[0131] The invention also provides a method of using any of the recombinant nucleic 

acid molecules described herein to produce a recombinant bacterium (e.g. a recombinant 
Listeria bacterium). In some embodiments, the method of using a recombinant nucleic acid 
molecule described herein to make a recombinant bacterium comprises introducing the 
recombinant nucleic acid molecule into a bacterium. In some embodiments, the recombinant 
nucleic acid molecule is integrated into the genome of the bacterium. In some other 
embodiments, the recombinant nucleic acid molecule is on a plasmid which is incorporated 
within the bacterium. In some embodiments, incorporation of the recombinant nucleic acid 
molecule into the bacterium occurs by conjugation. The introduction into the bacterium can 
be effected by any of the standard techniques known in the art. For instance, incorporation of 
the recombinant nucleic acid molecule into the bacterium can occur by conjugation, 
transduction (transfection), or transformation. 

HI. Signal peptides 

[0132] In some embodiments, the recombinant nucleic acid molecules, expression 

cassettes, and/or vectors of the invention encode fusion proteins or protein chimeras which 
comprise signal peptides and are suitable for expression in and secretion from host cells such 
as bacteria. Thus, in some embodiments, the recombinant nucleic acid molecules, expression 
cassettes and/or vectors of the invention comprise polynucleotides encoding signal peptides. 
[0133] The terms "signal peptide" and "signal sequence," are used interchangeably 

herein. In some embodiments, the signal peptide helps facilitate transportation of a 
polypeptide fused to the signal peptide across the cell membrane of a cell (e.g., a bacterial 
cell) so that the polypeptide is secreted from the cell. Accordingly, in some embodiments, the 
signal peptide is a "secretory signal peptide" or "secretory sequence". In some embodiments, 
the signal peptide is positioned at the N-terminal end of the polypeptide to be secreted. 
[0134] In some embodiments, the sequence encoding the signal peptide in the 

recombinant nucleic acid molecule or expression cassette is positioned within the 
recombinant nucleic acid molecule or expression cassette such that the encoded signal 
peptide will effect secretion of the polypeptide to which it is fused from the desired host cell 
(e.g., a bacterium). In some embodiments, in a recombinant nucleic acid molecule or an 
expression cassette, the polynucleotide encoding the signal peptide is positioned in frame 
(either directly or separated by intervening polynucleotides) at the 5' end of the 
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polynucleotide that encodes the polypeptide to be secreted (e.g., a polypeptide comprising an 
antigen). 

[0135] In some embodiments, the signal peptides that are a part of the fusion proteins 

and/or protein chimeras encoded by the recombinant nucleic acid molecules, expression 
cassettes and/or expression vectors, are heterologous to at least one other polypeptide 
sequence in the fusion protein and/or protein chimera. In some embodiments, the signal 
peptide encoded by the recombinant nucleic acid molecule, expression cassette and/or 
expression vector is heterologous (i.e., foreign) to the bacterium into which the recombinant 
nucleic acid molecule, expression cassette and/or expression vector is to be incorporated or 
has been incorporated. In some embodiments, the signal peptide is native to the bacterium in 
which the recombinant nucleic acid molecule, expression cassette and/or expression vector is 
to be incorporated. 

[0136] In some embodiments, the polynucleotide encoding the signal peptide is 

codon-optimized for expression in a bacterium (e.g., Listeria such as Listeria 
monocytogenes). In some embodiments, the polynucleotide that is codon-optimized for a 
particular bacterium is foreign to the bacterium. In other embodiments, the polynucleotide 
that is codon-optimized for a particular bacterium is native to that bacterium. 
[0137] A large variety of signal peptides are known in the art. In addition, a variety 

of algorithms and software programs, such as the "SignalP" algorithms, which can be used to 
predict signal peptide sequences are available in the art. For instance, see: Antelmann et al., 
Genome Res., 1 1 :1484-502 (2001); Menne et al., Bioinformatics, 16:741-2 (2000); Nielsen et 
al., Protein Eng., 10:1-6 (1997); Zhang et al., Protein Sci., 13:2819-24 (2004); Bendtsen et 
al., J. MoL Biol., 340:783-95 (2004) (regarding SignalP 3.0); Hiller et al., Nucleic Acids 
Res., 32:W375-9 (2004); Schneider et al., Proteomics 4:1571-80 (2004); Chou, Curr. Protein 
Pept. Sci., 3:615-22 (2002); Shah et al., Bioinformatics, 19:1985-96 (2003); and Yuan et al., 
Biochem. Biophys. Res. Commun. 312:1278-83 (2003). 

[0138] In some embodiments the signal peptide is prokaryotic. In some alternative 

embodiments, the signal peptide is eukaryotic. The use of eukaryotic signal peptides for 
expression of proteins in Escherichia coli for example, is described in Humphreys et al., 
Protein Expression and Purification, 20:252-264 (2000). 

[0139] In some embodiments, the signal peptide is a bacterial signal peptide. In some 

embodiments, the signal peptide is a non-Listerial signal peptide. In some embodiments, the 
signal peptide is a Listerial signal peptide. In some embodiments the signal peptide is 
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derived from a gram-positive bacterium. In some embodiments, the signal peptide is derived 
from an intracellular bacterium. 

[0140] In some embodiments, the signal peptide (e.g., a non-secAl bacterial signal 

peptide) used in a recombinant nucleic acid molecule, expression cassette, or expression 
vector is derived from Listeria. In some embodiments, this signal peptide is derived from 
Listeria monocytogenes. In some embodiments, the signal peptide is a signal peptide from 
Listeria monocytogenes. In some embodiments, the signal peptide is not derived from 
Listeria, but is instead derived from a bacterium other than a bacterium belonging to the 
genus Listeria. In some embodiments, the bacterial signal peptide is derived from a Bacillus 
bacterium. In some embodiments, the bacterial signal peptide is derived from Bacillus 
subtilis. In some embodiments, the bacterial signal peptide is derived from a bacterium 
belonging to the genus Staphylococcus. In some embodiments, the bacterial signal peptide is 
derived from a Lactococcus bacterium. In some embodiments, the bacterial signal peptide is 
derived from a Bacillus, Staphylococcus, or Lactococcus bacterium. In some embodiments, 
the bacterial signal peptide is a signal peptide from a Bacillus, Staphylococcus, or 
Lactococcus bacterium. In some embodiments, the bacterial signal peptide is a signal peptide 
derived from Bacillus anthracis, Bacillus subtilis, Staphylococcus aureus, or Lactococcus 
lactis. In some embodiments, the bacterial signal peptide is a signal peptide from Bacillus 
anthracis. In some embodiments, the bacterial signal peptide is a signal peptide from 
Bacillus subtilis. In some embodiments, the bacterial signal peptide is a signal peptide from 
Lactococcus lactis. In some embodiments, the bacterial signal peptide is a signal peptide 
from Staphylococcus aureus. 

[0141] In some embodiments of the polynucleotides described herein, the signal 

peptide that is derived from an organism, such as a bacterium, is identical to a naturally 
occurring signal peptide sequence obtained from the organism. In other embodiments, the 
signal peptide sequence encoded by the recombinant nucleic acid molecule, expression 
cassette, and/or expression vector is derived from a naturally occurring signal peptide 
sequence, i.e., a fragment and/or variant of a naturally occurring signal peptide sequence, 
wherein the fragment or variant still functions as a signal peptide. A variant includes 
polypeptides that differ from the original sequence by one or more substitutions, deletions, 
additions, and/or insertions. For instance, in some embodiments the signal peptide that is 
encoded by the polynucleotides contains one or more conservative mutations. Possible 
conservative amino acid changes are well known to those of ordinary skill in the art See, 
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e.g., Section IV of the Detailed Description, below, for additional information regarding 
conservative amino acid changes. 

[0142] A signal peptide derived from another signal peptide (i.e., a fragment and/or 

variant of the other signal peptide) is preferably substantially equivalent to the original signal 
peptide. For instance, the ability of a signal peptide derived from another signal peptide to 
function as a signal peptide should be substantially unaffected by the variations (deletions, 
mutations, etc.) made to the original signal peptide sequence. In some embodiments, the 
derived signal peptide is at least about 70%, at least about 80%, at least about 90%, or at least 
about 95% able to function as a signal peptide as the native signal peptide sequence. In some 
embodiments, the signal peptide has at least about 70%, at least about 80%, at least about 
90%, or at least about 95% identity in amino acid sequence to the original signal peptide. In 
some embodiments, the only alterations made in the sequence of the signal peptide are 
conservative amino acid substitutions. Fragments of signal peptides are preferably at least 
about 80% or at least about 90% of the length of the original signal peptides. 
[0143] In some embodiments, the signal peptide encoded by a polynucleotide in the 

recombinant nucleic acid molecules, expression cassettes, or expression vectors is a secAl 
signal peptide, a secA2 signal peptide, or a Twin-arginine translocation (Tat) signal peptide. 
In some embodiments, the signal peptide is a secAl signal peptide signal peptide. In some 
embodiments, the signal peptide is a non-secAl signal peptide. In some embodiments, the 
signal peptide is a secA2 signal peptide. In some embodiments, the signal peptide is a twin- 
arginine translocation (Tat) signal peptide. In some embodiments, these secAl, secA2, or Tat 
signal peptides are derived from Listeria. In some embodiments, these secAl, secA2, or Tat 
signal peptides are non-Listerial. For instance, in some embodiments, the secAl, secA2, and 
Tat signal peptides are derived from bacteria belonging to one of the following genera: 
Bacillus, Staphylococcus, or Lactococcus. 

[0144] Bacteria utilize diverse pathways for protein secretion, including secAl , 

secA2, and Twin-Arg Translocation (Tat). Which pathway is utilized is largely determined by 
the type of signal sequence located at the N-tenninal end of the pre-protein. The majority of 
secreted proteins utilize the Sec pathway, in which the protein translocates through the 
bacterial membrane-embedded proteinaceous Sec pore in an unfolded conformation. In 
contrast, the proteins utilizing the Tat pathway are secreted in a folded conformation. 
Nucleotide sequence encoding signal peptides corresponding to any of these protein secretion 
pathways can be fused genetically in-frame to a desired heterologous protein coding 
sequence. The signal peptides optimally contain a signal peptidase cleavage site at their 



46 



WO 2005/071088 



PCTYUS2004/044080 



carboxyl terminus for release of the authentic desired protein into the extra-cellular 
environment (Sharkov and Cai. 2002 J. Biol Chem. 277:5796-5803; Nielsen et. al. 1997 
Protein Engineering 10:1-6; and, Avww.cbs.dtu.dk/services/SignalP/). 
[0145] The signal peptides used in the polynucleotides of the invention can be derived 

not only from diverse secretion pathways, but also from diverse bacterial genera. Signal 
peptides generally have a common structural organization, having a charged N-terminus (N- 
domain), a hydrophobic core region (H-domain) and a more polar C-terminal region (C- 
domain), however, they do not show sequence conservation. In some embodiments, the C- 
domain of the signal peptide carries a type I signal peptidase (SPase I) cleavage site, having 
the consensus sequence A-X-A, at positions -1 and -3 relative to the cleavage site. Proteins 
secreted via the sec pathway have signal peptides that average 28 residues. The secA2 
protein secretion pathway was first discovered in Listeria monocytogenes; mutants in the 
secA2 paralogue are characterized by a rough colony phenotype on agar media, and an 
attenuated virulence phenotype in mice (Lenz and Portnoy, 2002 Mol Microbiol 45:1043- 
1 056; and, Lenz et. al 2003 PNAS 100:12432-12437). Signal peptides related to proteins 
secreted by the Tat pathway have a tripartite organization similar to Sec signal peptides, but 
are characterized by having an RR-motif (R-R-X-#-#, where # is a hydrophobic residue), 
located at the N-dornain / H-domain boundary. Bacterial Tat signal peptides average 14 
amino acids longer than sec signal peptides. The Bacillus subtilis secretome may contain as 
many as 69 putative proteins that utilize the Tat secretion pathway, 14 of which contain a 
SPase I cleavage site (Jongbloed et. al. 2002 J. Biol Chem. 277:44068-44078; Thalsma et. 
al., 2000 Microbiol. Mol Biol Rev. 64:515-547). 

[0146] Shown in Table 1 below are non-limiting examples of signal peptides that can 

be used in fusion compositions (including protein chimera compositions) with a selected 
other polypeptide such as a heterologous polypeptide, resulting in secretion from the 
bacterium of the encoded protein. 



Table 1. Some exemplary signal peptides 



Secretion 
Pathway 


Signal Peptide Amino Acid 
Sequence (NH 2 -C0 2 ) 


Signal peptidase 
Site (cleavage 
site represented 
by 7 


Gene 


Genus/species 


secAl 


MKKIMLVHTLELVSLPIAQQ 
TEAKD (SEQ ID NO:45) 


TEA'KD 
(SEQIDNO:54) 


hly (LLO) 


Listeria 
monocytogenes 




MKKKIISAILMSTVILSAAAP 
LSGVYAJDT (SEQIDNO:46) 


VYA'DT 
(SEQIDNO:55) 


Usp45 


Lactococcus 
lactis 
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TGNLEVIQAEV (SEQID 
NO:47) 


TO A 'PV 

(SEQIDNO.-56) 


(Protective 
Antigen) 


Bacillus 
anthracis 












cap a y 


A/fTsTIV/rK'V ATT A A T A A VT A P 
lVllNlVlJSJv/\ 1 LAA 1 AUJAV 1 Ai 1 

AAPTIASAST (SEQID 
NO:48) 


A 0 A > CT* 

(SEQIDNO:57) 


tap 

invasion-associated 
protein p60 


Listeria 
monocytogenes 




KKSKKFKTGATIAGVTAIAT 
SITVPGIEVIVSADE (SEQID 


AfQ A *TYC 

VoA Ub 

(SEQIDNO:58) 


NamA 

lmo2691 

(autolysin) 


Listeria 
monocytogenes 




MKKT K"MA VAT VAOT MT?^ 

GLTPNAFAED (SEQ ID 
NO:50) 


ATA EjU 

(SEQIDNO:59) 


DA \)Zol 

(NLP/P60 Family) 


Bacillus 
anthracis 




MAKKFNYKLPSMVALTLVG 
NO:51) 


VQA'AE 
ipr<Kl ID NU.OV) 


* at I 

(autolysin) 


Staphylococcus 
aureus 














MTDKKSENQTEKTETKENK 

VJiVl 1 KJ\JdIV1J~*ISXio A V Avj i vjIA 

VGATGLGTILNWDQVDKA 
LT (SEQroNO:52) 


DKA'LT 

(oiLKl ID NU.ol) 


lmo0367 


Listeria 
monocytogenes 




MAYDSRFDEWVQKLKEESF 
QNNTFDRRKFIQGAGKIAGL 
SLGLTIAQSVGAFG (SEQID 
NO:53) 


VGA'FG 
(SEQIDNO:62) 


PhoD 

(alkaline 

phosphatase) 


Bacillus subtilis 


* Bacterial autolysins secreted by sec pathway 


(not determined whether sec Al or secA2). 



[0147] Accordingly, in some embodiments, the sequence that encodes the signal 

peptide encodes a secAl signal peptide. An example of a secAl signal peptide is the 
Listeriolysin O (LLO) signal peptide from Listeria monocytogenes. In some embodiments, 
the recombinant nucleic acid molecule or expression cassette comprising a polynucleotide 
encoding an LLO signal peptide further comprises a polynucleotide sequence encoding the 
LLO PEST sequence. Other examples of secAl signal peptides suitable for use in the present 
invention include the signal peptides from the Usp45 gene in Lactococcus lactis (see Table 1, 
above, and Example 12 below) and Pag (Protective Antigen) gene from Bacillus anthracis. 
Thus, in some embodiments, the signal peptide is a protective antigen signal peptide from 
Bacillus anthracis. In some other embodiments, the signal peptide is a secAl signal peptide 
other than the protective antigen signal peptide from Bacillus anthracis. Another example of 
a secAl signal peptide is the SpsB signal peptide from Staphylococcus aureus (Sharkov et al., 
J. of Biological Chemistry, 277: 5796-5803 (2002)). 

[0148J In some alternative embodiments, the heterologous coding sequences are 

genetically fused with signal peptides that are recognized by the secA2 pathway protein 
secretion complex. An auxiliary SecA paralog (SecA2) has been identified in nine Gram- 
positive bacteria that cause severe or lethal infections of humans. SecA2 is required for 
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secretion of a subset of the exported proteomes (secretomes) of Listeria, Mycobacteria, and 
Streptococci (Braunstein et al., Mol. Microbiol 48:453-64 (2003); Bensing et al., Mol. 
Microbiol., 44:1081-94 (2002); Lenz et al., Mol. Microbiol., 45:1043-1056 (2002); and 
Braunstein et al., J. Bacteriology, 183:6979-6990 (2001)). The Listeria monocytogenes 
SecA2 was identified through its association with bacterial smooth-rough variation, and 
mutations in secA2 reduced virulence of L. monocytogenes and Mycobacterium tuberculosis. 
[0149] For example, the Listeria protein p60 is a peptidoglycan autolysin that is 

secreted by the secA2 pathway. As an example, the secA2 signal peptide and signal 
peptidase cleavage site from p60 can be linked genetically with the amino terminus of a 
desired protein (e.g. antigen)-encoding gene. In one embodiment, the pre-protein comprised 
of the secA2 signal peptide and signal peptidase-antigen fusion is translated from an 
expression cassette within a bacterium, transported through the Gram-positive cell wall, in 
which the authentic heterologous protein is released into the extracellular milieu. 
[0150] Alternatively, a heterologous sequence can be incorporated "in-frame" within 

p60, such that the heterologous protein is secreted in the form of a chimeric p60-heterologous 
protein. Insertion of the heterologous protein coding sequence in-frame into p60 can occur, 
for example, at the junction between the signal peptidase cleavage site and the mature p60 
protein- In this embodiment, the chimeric protein retains the appropriate secA2 secretion 
signals, and also its autolysin activity, meaning that the heterologous protein is secreted as a 
gratuitous passenger of p60. In-frame incorporation of the heterologous antigen into p60 can 
be engineered at any point within p60 that retains both the secretion and autolysin activities 
of the p60 protein. An example of a partial expression cassette suitable for insertion of the 
desired antigen or other heterologous polypeptide coding sequence is described in Example 
13, below. 

[0151] In some embodiments, the fusion protein encoded by the recombinant nucleic 

acid molecule is a chimera comprising a bacterial protein having a particular desirable 
property (in addition to the desired heterologous protein such as an antigen). In some 
embodiments the chimera comprises a hydrolase. In some embodiments, the recombinant 
nucleic acid molecule encodes a p60 chimera comprising the endopeptidase p60, a 
peptidoglycan hydrolase that degrades the bacterial cell wall. In some embodiments, the 
fusion protein encoded by the recombinant nucleic acid molecule comprises aX. 
monocytogenes hydrolase, for example, p60 (see, e.g., Genbank accession no. NP_464110) or 
iV-acetylmuramidase (NamA) (Genbank accession no. NP_466213), both of which are secA2 
dependent secreted proteins that degrade the cell wall. Such particular protein chimera 
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compositions take advantage of not only molecular chaperones required for secretion of 
bacterial proteins, but also of the activity of the bacterial protein that can facilitate its 
secretion. Particular protein chimeras comprised of precise placement of a heterologous 
protein encoding sequence with a L. monocytogenes hydrolase result in the efficient 
expression and secretion of the heterologous protein. (See, e.g., the specific example, 
Example 29, below.) Accordingly, in some embodiments, the signal peptide encoded by the 
recombinant nucleic acid molecule as part of a fusion protein is p60 signal peptide. In some 
embodiments, the signal peptide encoded by the recombinant nucleic acid molecule as part of 
a fusion protein is a KamA signal peptide. 

[0152] In some embodiments, the recombinant nucleic acid molecule comprises a 

third polynucleotide sequence encoding p60 protein, or a fragment thereof, in the same 
translational reading frame as both the first polynucleotide encoding the p60 signal peptide 
and the second polynucleotide encoding the other polypeptide (e.g., antigen). The 
recombinant nucleic acid molecule then encodes a fusion protein comprising the signal 
peptide, the polypeptide encoded by the second polynucleotide (e.g., an antigen), and the p60 
protein, or a fragment thereof. In such embodiments, the second polynucleotide is preferably 
positioned either within the third polynucleotide or between the first and third 
polynucleotides. 

[0153] In some embodiments, the secA2 signal peptide is a secA2 signal peptide 

derived from Listeria. For instance, in some embodiments, the signal peptide is a secA2 
signal peptide such as the p60 signal peptide or the N-acetylmuramidase (NamA) signal 
peptide from L monocytogenes. In addition, other L. monocytogenes proteins have been 
identified as not being secreted in the absence of secA2 (Lenz et aL, Mol. Microbiology 
45:1043-1056 (2002)) and polynucleotides encoding the signal peptides from these proteins 
can be used in some embodiments. Additionally, secA2 signal peptides from bacteria other 
than Listeria can be utilized for expression and secretion of heterologous proteins from 
recombinant Listeria or other bacteria. For instance, as an illustrative but non-limiting 
example, secA2 signal peptides from B. anthracis can be used in the recombinant nucleic 
acid molecules and/or expression cassettes. In other embodiments, a secA2 signal peptide 
from S. aureus is used. See Table 1 . Proteins secreted via the SecA2 pathway in other 
bacteria have also been identified (see, e.g., Braunstein et aL, Mol. Microbiol., 48:453-64 
(2003) and Bensing et aL, Mol. Microbiol. 44:1081-94 (2002)). 

[0154] Additional proteins secreted via the secA2 pathway can be identified. SecA2 

homologues have been identified in a number of bacterial species (see, e.g., Lenz et aL, MoL 
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Microbiology 45:1043-1056 (2002) and Braunstein et al., J. Bacteriology, 183:6979-6990 
(2001)). Additional secA2 homologues can be identified by further sequence comparison 
using techniques known to those skilled in the art. Once a homologue is identified, the 
homologue can be deleted from the bacterial organism to generate a AsecA2 mutant. The 
supernatant proteins of the wild-type and mutant bacterial cultures can be TCA-precipitated 
and analyzed by any of the proteomics techniques known in the art to determine which 
proteins are secreted by the wild-type bacteria, but not the AsecA2 mutant. For instance, the 
secreted proteins can be analyzed via SDS-PAGE and silver staining. The resulting bands 
can be compared to identify those proteins for which secretion did not occur in the absence of 
the SecA2. (See, e.g., Lenz et a!., Mol. Microbiology 45:1043-1056 (2002)). The N-terminal 
sequences of these proteins can then be analyzed (e.g., with an algorithm to predict the signal 
peptide cleavage site) to determine the secA2 signal peptide sequence used by that protein. 
N-terminal sequencing by automated Edman degradation can also be performed to identify 
the sequence of the signal peptide. 

[0155] In alternative embodiments, the polynucleotides encode polypeptides (e.g., 

heterologous polypeptide sequences) that are genetically fused with signal peptides that are 
recognized by the Tat pathway protein secretion complex. The Tat secretion pathway is 
utilized by bacteria, including Listeria spp., for secretion of proteins that are folded within the 
bacterium. For example, the Listeria innocua protein YwbN has a putative Tat motif at its 
amino terminus and thus uses the Tat pathway for secretion (Genbank Accession No. 
NP_46973 1 [gi| 1 6799463 |ref]NP_46973 1 . 1 1 conserved hypothetical protein similar to B. 
subtilis YwbN protein (Listeria innocua)], incorporated by reference herein). Another protein 
containing a Tat signal peptide is the YwbN protein from Listeria monocytogenes strain 
EGD(e) (Genbank Accession No. NP_463897 [gi|16802412|reflNP_463897.1| conserved 
hypothetical protein similar to B. subtilis YwbN protein (Listeria monocytogenes EGD (e)]). 
As an example, the YwbN signal peptide and signal peptidase cleavage site from YwbN can 
be linked genetically with the amino terminus of a desired protein (e.g. antigen)-encoding 
gene. In this composition, the pre-protein comprised of the Tat signal peptide and signal 
peptidase-antigen fusion will be translated from an expression cassette within the bacterium, 
transported through the Gram-positive cell wall, in which the authentic heterologous protein 
is released into the extracellular milieu. Another protein predicted to be secreted from 
Listeria innocua via the Tat pathway is 3-oxoxacyl-acyl carrier protein synthase (Genbank 
Accession No. NP 471636 [gi|16801368|ref[NP_471636.1| similar to 3 (oxoacyl (acyl 
(carrier protein synthase (Listeria innocua)]). Polynucleotides encoding signal sequences 
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from any of these proteins predicted to be secreted from Listeria via the Tat secretory 
pathway may be used in the polynucleotides, expression cassettes, and/or expression vectors 
described herein. 

[0156] Tat signal sequences from other bacteria can also be used as signal peptides, 

including, but not restricted to, phoD from 5. subtilis. Examples of Tat signal peptides from 
Bacillus subtilis, such as phoD, are described in Jongbloed et al., J. of Biological Chemistry, 
277:44068-44078 (2002); Jongbloed et al., J. of Biological Chemistry, 275:41350-41357 
(2000), Pop et al., J. of Biological Chemistry, 277:3268-3273 (2002); van Dijl et al., J. of 
Biotechnology, 98:243-254 (2002); and Tjalsma et al., Microbiology and Molecular Biology 
Reviews, 64: 515-547 (2000), all of Avhich are incorporated by reference herein in their 
entirety. Other proteins identified in B. subtilis that have been predicted to be secreted by the 
Tat pathway include those sequences having the following Genbank/Embl Accession Nos.: 
CAB15017 [gi|2635523|emb|CAB 15017.1| similar to two (component sensor histidine kinase 
(YtsA) (Bacillus subtilis)]; CAB12056 [gi|2632548|emb|CAB12056.1| 
phosphodiesterase/alkaline phosphatase D (Bacillus subtilis)]; CAB 12081 
[gi|2632573|emb|CAB12081.i| similar to hypothetical proteins (Bacillus subtilis)]; 
CAB13278 [gi|2633776|emb|CAB 13278.1 1 similar to hypothetical proteins (Bacillus 
subtilis)]; CAB14172 [gi|2634674|emb|CAB14172.1| menaquinol -.cytochrome c 
oxidoreductase (iron (sulfur subunit) (Bacillus subtilis)]; CAB15089 
[gi|2635595|emb|CAB15089.1| yubF (Bacillus subtilis)]; and CAB15852 
[gi|2636361|emb|CAB15852.1| alternate gene name: ipa (29d~similar to hypothetical proteins 
(Bacillus subtilis)], the sequences of which are all incorporated by reference herein. Thus, in 
some embodiments, the signal peptide encoded by the polynucleotide in the recombinant 
nucleic acid molecule and/or the expression cassettes is a Tat signal peptide derived from B. 
subtilis. Information on Tat signal peptides from Pseudomonas aeruginosa is provided in 
Ochsner et al., PNAS, 99: 83 12-83 1 7 (2002). Also, Tat signal peptides from a wide variety of 
other bacteria are described in Dilks et al., 1 of Bacteriology, 185: 1478-1483 (2003) and 
Berks et al., Molecular Microbiology, 35:260-274 (2000), both of which are incorporated by 
reference herein in their entirety. 

[0157] Additional Tat signal peptide may be identified and distinguished from Sec- 

type signal peptides by their cc twin-arginine M consensus motif. As noted above, signal 
peptides related to proteins secreted by the Tat pathway have a tripartite organization similar 
to Sec signal peptides, but are characterized by having an RR-motif (R-R-X-#-#, where # is a 
hydrophobic residue) located at the N-domain / H-domain boundary. Tat signal peptides are 
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also generally longer and less hydrophobic than the Sec-type signal peptides. See, e.g., Berks 
et al., Adv. Microb. Physiol., 47:187-254 (2003) and Berks et al., Mol Microbiol 35:260-74 
(2000). 

[0158] In addition, techniques analogous to those described above for the identifying 

new proteins secreted by the SecA2 pathway and their corresponding SecA2 signal peptides 
can also be used to identify new proteins secreted via the Tat pathway and their signal 
peptides. The reference Jongbloed et al., J. Biological Chem., 277:44068-44078 (2002) 
provides examples of techniques which can be used to identify a protein expressed by a type 
of bacteria as a protein secreted via the twin-arginine translocation pathway. 

IV, Polypeptides 

[0159] The recombinant nucleic acid molecules described herein, as well as the 

expression cassettes or expression vectors described herein, can be used to encode any 
desired polypeptide. In particular, the recombinant nucleic acid molecules, expression 
cassettes, and expression vectors are useful for expressing heterologous polypeptides in a 
bacterium. 

[0160] In some embodiments (depending on the recombinant nucleic acid molecule, 

expression cassette or expression vector used), the polypeptide encoded by a polynucleotide 
of the recombinant nucleic acid molecule, expression cassette, and/or expression vector is 
encoded as part of a fusion protein with a signal peptide. In other embodiments, the encoded 
polypeptide is encoded as a discrete polypeptide by the recombinant nucleic acid molecule, 
expression cassette, or expression vector. In still other embodiments, the polypeptide 
encoded by a polynucleotide of the recombinant nucleic acid molecule, expression cassette, 
or expression vector is encoded as part of a fusion protein that does not include a signal 
peptide. In still other embodiments, the polypeptide encoded by a polynucleotide of the 
recombinant nucleic acid molecule, expression cassette, or expression vector of the invention 
is encoded as part of a fusion protein (also referred to herein as a protein chimera) in which 
the polypeptide is embedded within another polypeptide sequence. 
[0161] Thus, it is understood that each of the polypeptides listed herein (below and 

elsewhere) which are encoded by polynucleotides of the recombinant nucleic acid molecules, 
expression cassettes, or expression vectors of the invention may be expressed as either fusion 
proteins (fused to si g nal peptides and/or to or in other polypeptides) or as discrete 
polypeptides by the recombinant nucleic acid molecule, expression cassette, or expression 
vector, depending on the particular recombinant nucleic acid molecule, expression cassette or 
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expression vector used. For instance, in some embodiments, a recombinant nucleic acid 
molecule comprising a polynucleotide encoding the antigen CEA will encode CEA as a 
fusion protein with a signal peptide. 

[0162] In some embodiments, the polypeptide is part of a fusion protein encoded by 

the recombinant nucleic acid molecule, expression cassette, or expression vector and is 
heterologous to the signal peptide of the fusion protein. In some embodiments, the 
polypeptide is positioned within another polypeptide sequence (e.g., a secreted protein or an 
autolysin, or fragments or variants thereof) to which it is heterologous. 
[0163] In some embodiments, the polypeptide is bacterial (either Listerial or non- 

Listerial). In some embodiments, the polypeptide is not bacterial. In some embodiments, the 
polypeptide encoded by the polynucleotide is a mammalian polypeptide. For instance, the 
polypeptide may correspond to a polypeptide sequence found in humans (i.e., a human 
polypeptide). In some embodiments, the polypeptide is Listerial. In some embodiments, the 
polypeptide is non-Listerial. In some embodiments, the polypeptide is not native (i.e., is 
foreign) to the bacterium in which the recombinant nucleic acid molecule, expression 
cassette, and/or expression vector is to be incorporated or is incorporated. 
[0164] In some embodiments, the polynucleotide encoding the polypeptide is codon- 

optimized for expression in a bacterium. In some embodiments, the polynucleotide encoding 
the polypeptide is fully codon-optimized for expression in a bacterium. In some 
embodiments, the polypeptide which is encoded by the codon-optimized polynucleotide is 
foreign to the bacterium (i.e., is heterologous to the bacterium). 

[0165] The term "polypeptide" is used interchangeably herein with "peptide" and 

"protein" and no limitation with respect to the length or size of the amino acid sequence 
contained therein is intended. Typically, however, the polypeptide will comprise at least 
about 6 amino acids. In some embodiments, the polypeptide will comprise, at least about 9, 
at least about 12, at least about 20, at least about 30, or at least about 50 amino acids. In 
some embodiments, the polypeptide comprises at least about 100 amino acids. In some 
embodiments, the polypeptide is one particular domain of a protein (e.g., an extracellular 
domain, an intracellular domain, a catalytic domain, or a binding domain). In some 
embodiments, the polypeptide comprises an entire (i.e., full-length) protein. 
[0166] In some embodiments, the polypeptide that is encoded by a polynucleotide of 

a recombinant nucleic acid molecule, expression cassette, and/or expression vector comprises 
an antigen or a protein that provides a palliative treatment for a disease. In some 
embodiments, the polypeptide that is encoded by a polynucleotide of a recombinant nucleic 
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acid molecule, expression cassette, and/or expression vector is an antigen or a protein that 
provides a palliative treatment for a disease. In some embodiments, the polypeptide that is 
encoded is a therapeutic protein (or comprises a therapeutic protein). 
[0167] In some embodiments, the polypeptide that is encoded by a polynucleotide of 

a recombinant nucleic acid molecule, expression cassette, and/or vector comprises an antigen 
(e.g., any of the antigens described herein). In some embodiments, the polypeptide that is 
encoded by a polynucleotide of a recombinant nucleic acid molecule, expression cassette, 
and/or vector is an antigen. In some embodiments, the antigen is a bacterial antigen. In some 
embodiments, the antigen is a non-Listerial bacterial antigen. In some embodiments, 
however, the antigen is a non-Listerial antigen. In other embodiments, the antigen is a non- 
bacterial antigen. In some embodiments, the antigen is a mammalian antigen. In some 
embodiments, the antigen is a human antigen. In some embodiments, the polypeptide is (or 
comprises) an antigen comprising one or more immunogenic epitopes. In some 
embodiments, the antigen comprises one or more MHC class I epitopes. In other 
embodiments, the antigen comprises one or more MHC class II epitope. In some 
embodiments, the epitope is a CD4+ T-cell epitope. In other embodiments, the epitope is a 
CD8+ T-cell epitope. 

[0168] The polynucleotide encoding an antigen is not limited to any exact nucleic 

acid sequence (e.g., that encoding a naturally occurring, full-length antigen) but can be of any 
sequence that encodes a polypeptide that is sufficient to elicit the desired immune response 
when administered to an individual within the bacteria or compositions of the invention. The 
term "antigen," as used herein, is also understood to include fragments of larger antigen 
proteins so long as the fragments are antigenic (i.e., immunogenic). In addition, in some 
embodiments, the antigen encoded by a polynucleotide of the recombinant nucleic acid, 
expression cassette, or expression vector may be a variant of a naturally occurring antigen 
sequence. (Similarly for polynucleotides encoding other, non-antigen proteins, the sequences 
of the polynucleotides encoding a given protein may vary so long as the desired protein that 
is expressed provides the desired effect (e.g. a palliative effect) when administered to an 
individual.) 

[0169] An antigen that is derived from another antigen includes an antigen that is an 

antigenic (i.e., immunogenic) fragment of the other antigen, an antigenic variant of the other 
antigen, or an antigenic variant of a fragment of the other antigen. A variant of an antigen 
includes antigens that differ from the original antigen in one or more substitutions, deletions, 
additions, and/or insertions. 
* 
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[0170] The antigenic fragment may be of any length, but is most typically at least 

about 6 amino acids, at least about 9 amino acids, at least about 12 amino acids, at least about 
20 amino acids, at least about 30 amino acids, at least about 50 amino acids, or at least about 
100 amino acids. An antigenic fragment of an antigen comprises at least one epitope from 
the antigen. In some embodiments, the epitope is a MHC class I epitope. In other 
embodiments, the epitope is a MHC class II epitope. In some embodiments, the epitope is a 
CD4+ T-cell epitope. In other embodiments, the epitope is a CD8+ T-cell epitope. 
[0171] A variety of algorithms and software packages useful for predicting antigenic 

regions (including epitopes) within proteins are available to those skilled in the art. For 
instance, algorthims that can be used to select epitopes that bind to MHC class I and class II 
molecules are publicly available. For instance, the publicly available "SYFPEITHI" 
algorithm can be used to predict MHC-binding peptides (Rammensee et al. (1999) 
Immuno genetics 50:213-9). For other examples of publicly available algorithms, see the 
following references: Parker et al. (1994) J. Immunol 152:163-75; Singh and Raghava (2001) 
Bioinformatics 17:1236-1237; Singh and Raghava (2003) Bioinformatics 19:1009-1014; 
Mallios (2001) Bioinformatics 17:942-8; Nielsen et al. (2004) Bioinformatics 20:1388-97; 
Donnes et al. (2002) BMC Bioinformatics 3:25; Bhasin, et al. (2004) Vaccine 22:3195-204; 
Guan et al. (2003) Nucleic Acids Res 31:3621-4; Reche et al. (2002) Hum. Immunol. 63:701- 
9; Schirle et al. (2001) J. Immunol Methods 257:1-16; Nussbaum et al. (2001) 
Immunogenetics (2001) 53:87-94; Lu et al. (2000) Cancer Res. 60:5223-7. See also, e.g., 
Vector NTI® Suite (Informax, Inc, Bethesda, MD), GCG Wisconsin Package (Accelrys, Inc., 
San Diego, CA), Welling, et al. (1985) FEBS Lett. 188:215-218, Parker, et al. (1986) 
Biochemistry 25:5425-5432, Van Regenmortel and Pellequer (1994) Pept. Res. 7:224-228, 
Hopp and Woods (1981) PNAS 78:3824-3828, and Hopp (1993) Pept. Res. 6:183-190. Some 
of the algorthims or software packages discussed in the references listed above in this 
paragraph are directed to the prediction of MHC class I and/or class II binding peptides or 
epitopes, others to identification of proteasornal cleavage sites, and still others to prediction 
of antigenicity based on hydrophilicity. 

[0172] Once a candidate antigenic fragment believed to contain at least one epitope of 

the desired nature has been identified, the polynucleotide sequence encoding that sequence 
can be incorporated into an expression cassette and introduced into a Listeria vaccine vector 
or other bacterial vaccine vector. The immunogenicity of the antigenic fragment can then be 
confirmed by assessing the immune response generated by the Listeria or other bacteria 
expressing the fiagments. Standard immunological assays such as ELISPOT assays, 
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Intracellular Cytokine Staining (ICS) assay, cytotoxic T-cell activity assays, or the like, can 
be used to verify that the fragment of the antigen chosen maintains the desired imunogenicity. 
Examples of these types of assays are provided in the Examples below (see, e.g., Example 
21). In addition, the anti-tumor efficacy of the Listeria and/or bacterial vaccines can also be 
assessed using the methods described below in the Examples (e.g., implantation of CT26 
murine colon cells expressing the antigen fragment in mice, followed by vaccination of the 
mice with the candidate vaccine and observation of effect on tumor size, metastasis, survival, 
etc. relative to controls and/or the full-length antigen). 

[0173] In addition, large databases containing epitope and/or MHC ligand 

information using for identifying antigenic fragments are publicly available. See, e.g., Brusic 
et al. (1998) Nucleic Acids Res. 26:368-371; Schonbach et al. (2002) Nucleic Acids 
Research 30:226-9; and Bhasin et al. (2003) Bioinformatics 19:665-666; and Rammensee et 
al. (1999) Immunogenetics 50:213-9. 

[0174] The amino acid sequence of an antigenic variant has at least about 60%, at 

least about 70%, at least about 80%, at least about 90%, at least about 95%, or at least about 
98% identity to the original antigen. 

[0175] In some embodiments, the antigenic variant is a conservative variant that has 

at least about 80% identity to the original antigen and the substitutions between the sequence 
of the antigenic variant and the original antigen are conservative amino acid substitutions. 
The following substitutions are considered conservative amino acid substitutions: valine, 
isoleucine, or leucine are substituted for alanine; lysine, glutamine, or asparagine are 
substituted for arginine; glutamine, histidine, lysine, or arginine axe substituted for 
asparagine; glutamic acid is substituted for aspartic acid; serine is substituted for cysteine; 
asparagine is substituted for glutamine; aspartic acid is substituted for glutamic acid; proline 
or alanine is substituted for glycine; asparagine, glutamine, lysine or arginine is substituted 
for histidine; leucine, valine, methionine, alanine, phenylalanine, or norleucine is substituted 
for isoleucine; norleucine, isoleucine, valine, methionine, alanine, or phenylalanine is 
substituted for leucine; arginine, glutamine, or asparagine is substituted for lysine; leucine, 
phenylalanine, or isoleucine is substituted for methionine; leucine, valine, isoleucine, alanine, 
or tyrosine is substituted for phenylalanine; alanine is substituted for proline; threonine is 
substituted for serine; serine is substituted for threonine; tyrosine or phenylalanine is 
substituted for tryptophan; tryptophan, phenylalanine, threonine, or serine is substituted for 
tyrosine; tryptophan, phenylalanine, threonine, or serine is substituted for tyrosine; 
isoleucine, leucine, methionine, phenylalanine, alanine, or norleucine is substituted for valine. 
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In some embodiments, the antigenic variant is a convervative variant that has at least about 
90% identity to the original antigen. 

[0176] In some embodiments, an antigen derived from another antigen is substantially 

equivalent to the other antigen. An antigen derived from another antigen is substantially 
equivalent to the original antigen from which it is derived if the antigen if the derived antigen 
has at least about 70% identity in amino acid sequence to the original antigen and maintains 
at least about 70% of the immunogenicity of the original antigen. In some embodiments, the 
substantially equivalent antigen has at least about 80%, at least about 90%, at least about 
95%, or at least about 98% identity in amino acid sequence to the original antigen. In some 
embodiments, the substantially equivalent antigen comprises only conservative substitutions 
relative to the original antigen. In some embodiments, the substantially equivalent antigen 
maintains at least about 80%, at least about 90%, or at least about 95% of the 
immunogenicity of the original antigen. To determine the immunogenicity of a particular 
derived antigen and compare to that of the original antigen to determine whether the derived 
antigen is substantially equivalent to the original antigen, one can test both the derived and 
original antigen in any of a number of immunogenicity assays known to those skilled in the 
art. For instance, Listeria expressing either the original antigen or the derived antigen can be . 
prepared as described herein. The ability of those Listeria expressing the different antigens 
to produce an immune response can be measured by vaccinating mice with the Listeria and 
then assessing the immunogenic response using the standard techniques of ELISPOT assays, 
Intracellular Cytokine Staining (ICS) assay, cytotoxic T-cell activity assays, or the like. 
Examples of these types of assays are provided in the examples below (see, e.g., Example 
21). 

[0177] In some embodiments, the polypeptide encoded by a polynucleotide of the 

recombinant nucleic acid molecule, expression cassette, and/or vector comprises an antigen. 
In some embodiments, the antigen is selected from the group consisting of a tumor-associated 
antigen, a polypeptide derived from a tumor-associated antigen, an infectious disease antigen, 
and a polypeptide derived from an infectious disease antigen. 

[0178] In some embodiments, the polypeptide encoded by a polynucleotide of the 

recombinant nucleic acid molecule, expression cassette, and/or vector comprises a tumor- 
associated antigen or comprises an antigen derived from a tumor-associated antigen. In some 
embodiments, the polypeptide comprises a tumor-associated antigen. In some embodiments, 
the encoded polypeptide comprises more than one antigen that is a tumor-associated antigen 
or an antigen derived from a tumor-associated antigen. For instance, in some embodiments, 



58 



WO 2005/071088 



PCT/US2004/044080 



the encoded polypeptide comprises both mesothelin (or an antigenic fragment or antigenic 
variant thereof) and K-Ras, 12-K-Ras, or PSCA (or an antigenic fragment or antigenic variant 
of K-Ras, 12-K-Ras, or PSCA), 

[0179] In some embodiments, the antigen encoded by a polynucleotide of the 

recombinant nucleic acid molecule, expression cassette, and/or expression vector is a tumor- 
associated antigen or is an antigen that is derived from a tumor-associated antigen. In some 
embodiments, the antigen is a tumor-associated antigen. 

[0180] In some embodiments, a polynucleotide in a recombinant nucleic acid 

molecule, expression cassette, and/or expression vector encodes an antigen (or encodes a 
polypeptide comprising an antigen) that is not identical to a tumor-associated antigen, but 
rather is an antigen derived from a tumor-associated antigen. For instance, in some 
embodiments, the antigen encoded by a polynucleotide of a recombinant nucleic acid 
molecule, expression cassette, and/or expression vector may comprise a fragment of a tumor- 
associated antigen, a variant of a tumor-associated antigen, or a variant of a fragment of a 
tumor-associated antigen. In some cases, an antigen, such as a tumor antigen, is capable of 
inducing a more significant immune response in a vaccine when the amino acid sequence 
differs slightly from that endogenous to a host. In other cases, the derived antigen induces a 
less significant immune response than the original antigen, but is, for instance, nxore 
convenient for heterologous expression in a Listerial vaccine vector due to a smaller size. In 
some embodiments, the amino acid sequence of a variant of a tumor-associated antigen, or a 
variant of a fragment of a tumor-associated antigen, differs from that of the tumor-associated 
antigen, or its corresponding fragment, by one or more amino acids. The antigen, derived 
from a tumor-associated antigen will comprise at least one epitope sequence capable of 
inducing the desired immune response upon expression of the polynucleotide encoding the 
antigen within a host. 

[0181] Accordingly, in some embodiments, a polynucleotide in the recombinant 

nucleic acid molecule, expression cassette, or vector encodes a polypeptide that comprises an 
antigen derived from a tumor-associated antigen, wherein the antigen comprises at least one 
antigenic fragment of a tumor-associated antigen. In some embodiments, a polynucleotide in 
the recombinant nucleic acid molecule, expression cassette, or vector encodes an. antigen that 
is derived from a tumor-associated antigen, wherein the antigen comprises at least one 
antigenic fragment of a tumor-associated antigen. The antigenic fragment comprises at least 
one epitope of the tumor-associated antigen. In some embodiments, the antigen that is 
derived from another antigen is an antigenic (i.e., immunogenic) fragment or an antigenic 
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variant of the other antigen. In some embodiments, the antigen is an antigenic fragment of 
the other antigen. In some embodiments, the antigen is an antigenic variant of the other 
antigen. 

[0182] A large number of tumor-associated antigens that are recognized by T cells 

have been identified (Renkvist et al., Cancer Immunol Innumother 50:3-1 5 (2001)). These 
tumor-associated antigens may be differentiation antigens (e.g., PSMA, Tyrosinase, gplOO), 
tissue-specific antigens (e.g. PAP, PSA), developmental antigens, tumor-associated viral 
antigens (e.g. HPV 16 E7), cancer-testis antigens (e.g. MAGE, BAGE, NY-ESO-1), 
embryonic antigens (e.g. CEA, alpha-fetoprotein), oncoprotein antigens (e.g. Ras, p53), over- 
expressed protein antigens (e.g. ErbB2 (Her2/Neu), MUC1), or mutated protein antigens. 
The tumor-associated antigens that may be encoded by the heterologous nucleic acid 
sequence include, but are not limited to, 707-AP, Annexin II, AFP, ART-4, BAGE, f3- 
catenin/m, BCL-2, bcr-abl, bcr-abl pl90, bcr-abl p210, BRCA-1, BRCA-2, CAMEL, CAP-1, 
CASP-8, CDC27/m, CDK-4/m, CEA (Huang et al., Exper Rev. Vaccines (2002)1:49-63), 
CT9, CT10, Cyp-B, Dek-cain, DAM-6 (MAGE-B2), DAM-10 (MAGE-B1), EphA2 (Zantek 
et al., Cell Growth Differ. (1999) 10:629-38; Carles-Kinch et al., Cancer Res. (2002) 
62:2840-7), ELF2M, EphA2 (Zantek et al., Cell Growth Differ. (1999) 10:629-38; Carles- 
Kinch et al., Cancer Res. (2002) 62:2840-7), ETV6-AML1, G250, GAGE-1, GAGE-2, 
GAGE-3, GAGE-4, GAGE-5, GAGE-6, GAGE-7B, GAGE-8, GnT-V, gplOO, RAGE, 
HER2/neu, HLA-A*0201-R170I, HPV-E7, H-Ras, HSP70-2M, HST-2, hTERT, hTRT, iCE, 
inhibitors of apoptosis (e.g. survivin), KIAA0205, K-Ras, 12-K-Ras (BC-Ras with codon 12 
mutation), LAGE, LAGE-1, LDLR/FUT, MAGE-1, MAGE-2, MAGE-3, MAGE-6, MAGE- 
Al, MAGE-A2, MAGE- A3, MAGE-A4, MAGE-A6, MAGE- A 10, MAGE-A12, MAGE-B5, 
MAGE-B6, MAGE-C2, MAGE-C3, MAGE-D, MART-1, MART- 1 /Melan- A, MC1R, 
MDM-2, mesothelin, Myosin/m, MUC1, MUC2, MUM-1, MUM-2, MUM-3, neo-polyA 
polymerase, NA88-A, N-Ras, NY-ESO-1, NY-ESO-1 a (CAG-3), PAGE-4, PAP, Proteinase 
3 (PR3) (Molldrem et al., Blood (1996) 88:2450-7; Molldrem et al., Blood (1997) 90:2529- 
34), P15, pl90, Pml/RARa, PRAME, PSA, PSM, PSMA, RAGE, RAS, RCAS1, RU1, RU2, 
SAGE, SART-1, SART-2, SART-3, SP17, SPAS-1, TEL/AML1, TPI/m, Tyrosinase, TARP, 
TRP-1 (gp75), TRP-2, TRP-2/INT2, WT-1, and alternatively translated NY-ESO-ORF2 and 
CAMEL proteins, derived from the NY-ESO-1 and LAGE-1 genes. 
[0183] In some embodiments, the antigen encoded by the polynucleotide in the 

recombinant nucleic acid molecule, expression cassette, and/or vector may encompass any 
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tumor-associated antigen that can elicit a tumor-specific immune response, including antigens 
yet to be identified. In some embodiments, the polynucleotide in the recombinant nucleic 
acid molecule, expression cassette, and/or vector encodes more than one tumor-associated 
antigen. 

[0184] In some embodiments, the antigen is mesothelin (Argani et al., Clin Cancer 

Res. 7(12):3862-8 (2001)), Spl7 (Lim et al., Blood 97(5): 1508- 10 (2001)), gplOO (Kawakami 
et al., Proc. Natl Acad Set USA 91:6458 (1994)), PAGE-4 (Brinkmann et al., Cancer Res. 
59(7):1445-8 (1999)), TARP (Wolfgang et al., Proc. Natl Acad Sci. USA 97(17):9437-42 
(2000)), EphA2 (Tatsumi et al., Cancer Res. 63(15):4481-9 (2003)), PR3 (Muller-Berat et al., 
Clin. Immunol Immunopath. 70(l):51-9 (1994)), prostate stem cell antigen (PSCA) (Reiter 
et al., Proc. Natl. Acad. Sci., 95:1735-40 (1998); Kiessling et al., Int. J. Cancer, 102:390-7 
(2002)), or SPAS-1 (U.S. Patent Application Publication No. 2002/0150588). 
[0185] In some embodiments of the invention, the antigen encoded by the 

recombinant nucleic acid molecule or expression cassette is CEA. In other embodiments, the 
antigen is an antigenic fragment and/or antigenic variant of CEA. CEA is a 180-kDA 
membrane intercellular adhesion glycoprotein that is over-expressed in a significant 
proportion of human tumors, including 90% of colorectal, gastric, and pancreatic, 70% of 
non-small cell lung cancer, and 50% of breast cancer (Hammarstrom, Semin. Cancer Biol, 
9:67-81). A variety of immunotherapeutics such as anti-idiotype monoclonal antibody 
mimicking CEA (Foon et al., Clin, Cancer Res., 87:982-90 (1995), or vaccination using a 
recombinant vaccinia virus expressing CEA (Tsang et al., J. Natl Cancer Inst, 87:982-90 
(1995)) have been investigated, unfortunately, however, with limited success. Nonetheless, 
investigators have identified a HLA*0201-restricted epitope, CAP-1(CEA605-613), that is 
recognized by human T cell lines that were generated from vaccinated patients. Vaccination 
of patients with DC pulsed with this epitope failed to induce clinical responses (Morse et al., 
Clin Cancer Res., 5:1331-8 (1999)). Recently, a CEA605-613 peptide agonist was identified 
with a heteroclitic aspartate to asparagine substitution at position 610 (CAP1-6D). Although 
this amino acid substitution did not alter MHC binding affinity of this peptide, the use of the 
altered peptide ligand (APL) resulted in improved generation of CEA-specific cytotoxic T 
lymphocytes (CTL) in vitro. CAPl-6D-specific CTL maintained their ability to recognize 
and lyse tumor cells expressing native CEA (Zaremba et al., Cancer Res., 57: 4570-7 (1 997); 
Salazar et al., Int. J. Cancer, 85:829-38 (2000)). Fong et al. demonstrated induction of CEA- 
specific immunity in patients with colon cancer vaccinated with Flt3-ligand expanded DC 
incubated with this APL. Encouragingly, 2 of 12 patients after vaccination experienced 
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dramatic tumor regressions that correlated with the induction of peptide-MHC tetramer* T 
cells (Fong et al, Proa Natl Acad Sci. U.S.A., 98:8809-14 (2001)). 
[0186] In another embodiment, the antigen is proteinase-3 or is derived from 

proteinase-3. For instance, in one embodiment, the antigen comprises the HLA-A2.1- 
restricted peptide PR1 (aa 169-177; VLQELNVTV (SEQ ID NO:63)). Information on 
proteinase-3 and/or the PR1 epitope is available in the following references: US Patent No. 
5,180,819, Moildrem, et al., Blood, 90:2529-2534 (1997); Molldrem et al., Cancer Research, 
59:2675-2681 (1999); Molldrem, et al., Nature Medicine, 6:1018-1023 (2000); and Molldrem 
et al., Oncogene, 21: 8668-8673 (2002). 

[0187] In some embodiments, the polypeptide encoded by a polynucleotide in the 

recombinant nucleic acid molecule, expression cassette, and/or vector comprises an antigen 
selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, 
NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and 
CEA, or comprises an antigen derived from an antigen selected from the group consisting of 
K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, 
PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA. 

[0188] In some embodiments, the polypeptide encoded by a polynucleotide in the 

recombinant nucleic acid molecule, expression cassette, and/or vector comprises an antigen 
selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, 
NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or 
CEA. In some embodiments, the polypeptide comprises K-Ras. In some embodiments, the 
polypeptide comprises H-Ras. In some embodiments, the polypeptide comprises N-Ras. In 
some embodiments, the polypeptide comprises K-Ras. In some embodiments, the 
polypeptide comprises mesothelin (e.g., human mesothelin). In some embodiments, the 
polypeptide comprises PSCA. In some embodiments, the polypeptide comprises NY-ESO-1. 
In some embodiments, the polypeptide comprises WT-1. In some embodiments, the 
polypeptide comprises survivin. In some embodiments, the polypeptide comprises gpl 00. In 
some embodiments, the polypeptide comprises PAP. In some embodiments, the polypeptide 
comprises proteinase 3. In some embodiments, the polypeptide comprises SPAS-1. In some 
embodiments, the polypeptide comprises SP-17. In some embodiments, the polypeptide 
comprises PAGE-4. In some embodiments, the polypeptide comprises TARP. In some 
embodiments, the polypeptide comprises CEA. 

[0189] In some embodiments, the antigen encoded by a polynucleotide in the 

recombinant nucleic acid molecule, expression cassette, and/or vector is an antigen selected 
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from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO- 
1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA. In 
some embodiments, the antigen is K-Ras. In some embodiments, the antigen is H-Ras. In 
some embodiments, the antigen is N-Ras. In some embodiments, the antigen is K-Ras. In 
some embodiments, the antigen is mesothelin. In some embodiments, the antigen is PSCA. 
In some embodiments, the antigen is NY-ESO-1 . In some embodiments, the antigen is WT- 
1 . In some embodiments, the antigen is survivin. In some embodiments, the antigen is 
gplOO. In some embodiments, the antigen is PAP. In some embodiments, the antigen is 
proteinase 3. In some embodiments, the antigen is SPAS-1 . In some embodiments, the 
antigen is SP-17. In some embodiments, the antigen is PAGE-4. In some embodiments, the 
antigen is TARP. In some embodiments, the antigen is CEA. In some embodiments, the 
antigen is human mesothelin. 

[0190] In some embodiments, the antigen is mesothelin, SPAS-1, proteinase-3, 

EphA2, SP-17, gplOO, PAGE-4, TARP, or CEA, or an antigen derived from one of those 
proteins. In some embodiments the antigen is mesothelin or is derived from mesothelin. In 
other embodiments, the antigen is EphA2 or is an antigen derived from EphA2. In some 
embodiments, the antigen encoded by a polynucleotide in a recombinant nucleic acid 
molecule, expression cassette, or expression vector described herein is not Epha2 (or an 
antigen derived from Epha2). In some embodiments, the antigen is a tumor-associated 
antigen other than Epha2. In some embodiments, the antigen is derived from a tumor- 
associated antigen other than Epha2. In some embodiments, the polypeptide encoded by a 
polynucleotide in the recombinant nucleic acid molecule, expression cassette, and/or 
expression vector comprises an antigen other than Epha2. In some embodiments, the 
polypeptide encoded by a polynucleotide in the recombinant nucleic acid molecule, 
expression cassette, and/or expression vector comprises an antigen other than Epha2 or an 
antigen derived from Epha2. 

[0191] In some embodiments, a polynucleotide in the recombinant nucleic acid 

molecule, expression cassette, and/or expression vector encodes a polypeptide comprising an 
antigen derived from K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT- 
1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA. In some 
embodiments, the polypeptide comprises an antigen derived from K-Ras. In some 
embodiments, the polypeptide comprises an antigen derived from H-Ras. In some 
embodiments, the polypeptide comprises an antigen derived from N-Ras. In some 
embodiments, the polypeptide comprises an antigen derived from 12-K-Ras. In some 
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embodiments, the polypeptide comprises an antigen derived from mesothelin. In some 
embodiments, the polypeptide comprises an antigen derived from PSCA. In some 
embodiments, the polypeptide comprises an antigen derived from NY-ESO-1 . In some 
embodiments, the polypeptide comprises an antigen derived from WT-1. In some 
embodiments, the polypeptide comprises an antigen derived from survivin. In some 
embodiments, the polypeptide comprises an antigen derived from gplOO. In some 
embodiments, the polypeptide comprises an antigen derived from PAP. In some 
embodiments, the polypeptide comprises an antigen derived from proteinase 3. In some 
embodiments, the polypeptide comprises an antigen derived from SPAS-1 . In some 
embodiments, the polypeptide comprises an antigen derived from SP-17. In some 
embodiments, the polypeptide comprises an antigen derived from PAGE-4. In some 
embodiments, the polypeptide comprises an antigen derived from TARP. In some 
embodiments, the polypeptide comprises an antigen derived from CEA. 
[0192] In some embodiments, a polynucleotide in the recombinant nucleic acid 

molecule, expression cassette, and/or expression vector encodes an antigen derived from K- 
Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, or CEA. In some embodiments, the antigen 
is derived from K-Ras. In some embodiments, the antigen is derived from H-Ras. In some 
embodiments, the antigen is derived from N-Ras. In some embodiments, the antigen is 
derived from 12-K-Ras. In some embodiments, the antigen is an antigen derived from 
mesothelin. In some embodiments, the antigen is an antigen derived from PSCA. In some 
embodiments, the antigen is an antigen derived from NY-ESO-1. In some embodiments, the 
antigen is an antigen derived from WT-1 . In some embodiments, the antigen is an antigen 
derived from survivin. In some embodiments, the antigen is an antigen that is derived from 
gpl 00. In some embodiments, the antigen is an antigen that is derived from PAP. In some 
embodiments, the antigen is an antigen that is derived from proteinase 3. In some 
embodiments, the antigen is an antigen derived from SPAS-1 . In some embodiments, the 
antigen is an antigen derived from SP-17. In some embodiments, the antigen is an antigen 
derived from PAGE-4. In some embodiments, the antigen is an antigen derived from TARP. 
In some embodiments, the antigen is an antigen derived from CEA. 
[0193] In some embodiments, the antigen is mesothelin, or an antigenic fragment or 

antigenic variant thereof. Thus, in some embodiments, the polypeptide encoded by a 
polynucleotide in the recombinant nucleic acid molecule, expression cassette and/or vector 
comprises mesothelin, or an antigenic fragment or antigenic variant thereof. In some 
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embodiments, the polypeptide encoded by the polynucleotide is mesothelin, or an antigenic 
fragment or antigenic variant thereof. 

[0194] In some embodiments, the antigen is mesothelin (e.g., human mesothelin) in 

which the mesothelin signal peptide and/or GPI (glycosylphosphatidylinositol) anchor has 
been deleted. Accordingly, in some embodiments, the polypeptide encoded by the 
polynucleotide comprises mesothelin in which the mesothelin signal peptide and/or GPI 
anchor has been deleted. In some embodiments, the polypeptide encoded by the 
polynucleotide is mesothelin in which the mesothelin signal peptide and/or GPI anchor has 
been deleted. In some embodiments, the polypeptide encoded by the polynucleotide is 
human mesothelin in which the mesothelin signal peptide and/or GPI anchor has been 
deleted. In some embodiments, the polypeptide encoded by the polynucleotide is human 
mesothelin in which both the mesothelin signal peptide and GPI anchor have been deleted. 
[0195] In some embodiments, the antigen is NY-ESO-1, or an antigenic fragment or 

antigenic variant thereof. Thus, in some embodiments, the polypeptide encoded by a 
polynucleotide in the recombinant nucleic acid molecule, expression cassette, or vector 
comprises an antigen which is NY-ESO-1, or an antigenic fragment or antigenic variant 
thereof. In some embodiments, the polypeptide is an antigen which is NY-ESO-1, or an 
antigenic fragment or antigenic variant thereof. 

[0196] In some embodiments, a polypeptide encoded by polynucleotide in a 

recombinant nucleic acid molecule, expression cassette, or vector comprises at least one 
antigenic fragment of a tumor-associated antigen, e.g., human prostate stem cell antigen 
(PSCA; GenBank Acc. No.AF043498), human testes antigen (NY-ESO-1 ; GenBank Acc. 
No. NMJ)01327), human carcinoembryonic antigen (CEA; GenBank Acc. No. M29540), 
human Mesothelin (GenBank Acc. No. U40434), human survivin (GenBank Acc. No. 
U75285), human Proteinase 3 (GenBank No. X55668), human K-Ras (GenBank Acc. Nos. 
M54969 & P01 116), human H-Ras (GenBank Acc. No. P01 1 12), human N-Ras (GenBank 
Acc. No. P01 1 1 1), and human 12-K-Ras (K-Ras comprising a Glyl2Asp mutation) (see, e.g., 
GenBank Acc. No. K00654). In some embodiments, a polypeptide encoded by 
polynucleotide in a recombinant nucleic acid molecule, expression cassette, or expression 
vector comprises an antigenic fragment of a tumor-associated antigen with at least one 
conservatively substituted amino acid. In some embodiments, a polypeptide encoded by 
polynucleotide in a recombinant nucleic acid molecule, expression cassette, or expression 
vector comprises an antigenic fragment with at least one deleted amino acid residue. In 
some embodiments, a polypeptide encoded by polynucleotide in a recombinant nucleic acid 
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molecule, expression cassette, or expression vector comprises combinations of antigenic 
sequences derived from more than one type of tumor-associated antigen, e.g., a combination 
of antigenic fragments derived from both mesothelin and Ras. 

[0197] Exemplary regions of tumor antigens predicted to be antigenic include the 

following: amino acids 25-35; 70-80; and 90-1 18 of the PSGA amino acid sequence in 
GenBankAcc.No. AF043498; amino acids 40-55, 75-85, 100-115, and 128-146 of the NY- 
ESO-1 of GenBank Acc. No. NM_001327; amino acids 70-75, 150-155, 205-225, 330-340, 
and 510-520 of the CEA amino acid sequence of GenBank Acc. No. M29540; amino acids 
90-110, 140-150, 205-225, 280-310, 390-410, 420-425, and 550-575; of the mesothelin 
polypeptide sequence of GenBank Acc. No. U40434; amino acids 12-20, 30-40, 45-55, 65- 
82, 90-95, 102-115, and 1 15-130 of the surviving polypeptide sequence of GenBank Acc. No. 
U75285; amino acids 10-20, 30-35, 65-75, 1 10-120, and 160-170, of the amino acid sequence 
of proteinase-3 found in GenBank Acc. No. X55668; amino acids 10-20, 30-50, 55-75, 85- 
110, 115-135, 145-155, and 160-185 of GenBank Acc. Nos. P01117 or M54968 (human K- 
Ras); amino acids 10-20, 25-30, 35-45, 50-70, 90-110, 115-135, and 145-175 of GenBank 
Acc. No. P01112 (human H-Ras); amino acids 10-20, 25-45, 50-75, 85-110, 115-135, 140- 
1 55, and 160-1 80 of GenBank Acc. No. P01 1 11 (human N-Ras); and the first 25-amino acids 
of 12-K-Ras (sequence disclosed in GenBank Acc. No. K00654), These antigenic regions 
were predicted by Hopp- Woods and Welling antigenicity plots. 

[0198] In some embodiments, the polypeptides encoded by the polynucleotides of the 

invention either as discrete polypeptides, as fusion proteins with the chosen signal peptide, or 
as a protein chimera in which the polypeptide has been inserted in another polypeptide, are 
polypeptides comprising one or more of the following peptides of human mesothelin: 
SLLFLLFSL (amino acids 20-28; (SEQ ID NO:64)); VLPLTVAEV (amino acids 530-538; 
(SEQ ID NO:65)); ELAVALAQK (amino acids 83-92; (SEQ ID NO:66)); ALQGGGPPY 
(amino acids 225-234; (SEQ ID NO:67)); FYPGYLCSL (amino acids 435-444; (SEQ ID 
NO:68)); and LYPKARLAF (amino acids 475^84; (SEQ ID NO:69)). For instance, in some 
embodiments, the antigen encoded by a polynucleotide of the invention is an (antigenic) 
fragment of human mesothelin comprising one or more of these peptides. Additional 
information regarding these mesothelin peptide sequences and their correlation with 
medically relevant immune responses can be found in the PCT Publication WO 2004/006837. 
[0199] Alternatively, polynucleotides in the recombinant nucleic acid molecule, 

expression cassette, or expression vector can encode an autoimmune disease-specific antigen 
(or a polypeptide comprising an autoimmune disease-specific antigen). In a T cell mediated 
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autoimmune disease, a T cell response to self antigens results in the autoimmune disease. 
The type of antigen for use in treating an autoimmune disease with the vaccines of the present 
invention might target the specific T cells responsible for the autoimmune response. For 
example, the antigen may be part of a T cell receptor, the idiotype, specific to those T cells 
causing an autoimmune response, wherein the antigen incorporated into a vaccine of the 
invention would elicit an immune response specific to those T cells causing the autoimmune 
response. Eliminating those T cells would be the therapeutic mechanism to alleviating the 
autoimmune disease. Another possibility would be to incorporate into the recombinant 
nucleic acid molecule a polynucleotide encoding an antigen that will result in an immune 
response targeting the antibodies that are generated to self antigens in an autoimmune disease 
or targeting the specific B cell clones that secrete the antibodies. For example, a 
polynucleotide encoding an idiotype antigen may be incorporated into the recombinant 
nucleic acid molecule that will result in an anti-idiotype immune response to such B cells 
and/or the antibodies reacting with self antigens in an autoimmune disease. Autoimmune 
diseases treatable with vaccines comprising bacteria comprising the expression cassettes and 
recombinant nucleic acid molecules of the present invention include, but are not limited to, 
rheumatoid arthritis, multiple sclerosis, Crohn's disease, lupus, myasthenia gravis, vitiligo, 
scleroderma, psoriasis, pemphigus vulgaris, fibromyalgia, colitis and diabetes. A similar 
approach may be taken for treating allergic responses, where the antigens incorporated into 
the vaccine bacterium target either T cells, B cells or antibodies that are effective in 
modulating the allergic reaction. In some autoimmune diseases, such as psoriasis, the disease 
results in hyperproliferative cell growth with expression of antigens that may be targeted as 
well. Such an antigen that will result in an immune response to the hyperproliferative cells is 
considered. 

[0200] In some embodiments, the antigen is an antigen that targets unique disease 

associated protein structures. One example of this is the targeting of antibodies, B cells or T 
cells using idiotype antigens as discussed above. Another possibility is to target unique 
protein structures resulting from a particular disease. An example of this would be to 
incorporate an antigen that will generate an immune response to proteins that cause the 
amyloid plaques observed in diseases such as Alzheimer's disease, Creutzfeldt- Jakob disease 
(CJD) and Bovine Spongiform Encephalopathy (BSE). While this approach may only 
provide for a reduction in plaque formation, it may be possible to provide a curative vaccine 
in the case of diseases like CJD. This disease is caused by an infectious form of a prion 
protein. In some embodiments, the polynucleotides of the invention encode an antigen to the 
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infectious form of the prion protein such that the immune response generated by the vaccine 
may eliminate, reduce, or control the infectious proteins that cause CJD. 
[0201] In some embodiments, the polypeptide encoded by a polynucleotide of the 

recombinant nucleic acid molecule, expression cassette, and/or expression vector comprises 
an infectious disease antigen or an antigen derived from an infectious disease antigen. In 
some embodiments, the polypeptide comprises an infectious disease antigen. In some other 
embodiments, the polypeptide comprises an antigen derived from an infectious disease 
antigen. In some embodiments, the polypeptide encoded by a polynucleotide of the 
recombinant nucleic acid molecule, expression cassette, and/or expression vector is an 
infectious disease antigen or is an antigen derived from an infectious disease antigen. In 
some embodiments, the polypeptide encoded by the recombinant nucleic acid molecule, 
expression cassette, and/or expression vector is an infectious disease antigen. In some 
embodiments, the polypeptide encoded by the recombinant nucleic acid molecule, expression 
cassette, and/or expression vector is derived from an infectious disease antigen. 
[0202] In other embodiments of the invention, the antigen is derived from a human or 

animal pathogen. The pathogen is optionally a virus, bacterium, fungus, or a protozoan. For 
instance, the antigen may be a viral or fungal or bacterial antigen. In one embodiment, the 
antigen encoded by the recombinant nucleic acid molecule, expression cassette, and/or 
expression vector that is derived from the pathogen is a protein produced by the pathogen, or 
is derived from a protein produced by the pathogen. For instance, in some embodiments, the 
polypeptide encoded by the recombinant nucleic acid molecules, expression cassette and/or 
expression vector is a fragment and/or variant of a protein produced by the pathogen. 
[0203] For instance, in some embodiments, the antigen is derived from Human 

Immunodeficiency virus (such as gp 120, gp 160, gp41, gag antigens such as p24gag and 
p55gag, as well as proteins derived from the pol, env, tat, vif, rev, nef, vpr, vpu and LTR 
regions of HIV), Feline Immunodeficiency virus, or human or animal herpes viruses. For 
example, in some embodiments, the antigen is gp 120. In one embodiment, the antigen is 
derived from herpes simplex virus (HSV) types 1 and 2 (such as gD, gB, gH, Immediate 
Early protein such as ICP27), from cytomegalovirus (such as gB and gH), from 
metapneumovirus, from Epstein-Barr virus or from Varicella Zoster Virus (such as gpl, II or 
HI). (See, e. g., Chee et al. (1990) Cytomegaloviruses (J. K. McDougall, ed., Springer 
Verlag, pp. 125-169; McGeoch et al. (1988) J. Gen. Virol. 69: 1531-1574; U.S. Pat No. 
5,171,568; Baer et al. (1984) Nature 310: 207-211; and Davison et al. (1986; J. Gen Virol 
67: 1759-1816.) 
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[0204] In another embodiment, the antigen is derived from a hepatitis virus such as 

hepatitis B virus (for example, Hepatitis B Surface antigen), hepatitis A virus, hepatitis C 
virus, delta hepatitis virus, hepatitis E virus, or hepatitis G virus. See, e. g., WO 89/04669; 
WO 90/1 1089; and WO 90/14436. The hepatitis antigen can be a surface, core, or other 
associated antigen. The HCV genome encodes several viral proteins, including El and E2. 
See, e. g., Houghton et al., Hepatology 14: 381-388 (1991). 

[0205] An antigen that is a viral antigen is optionally derived from a virus from any 

one of the families Picornaviridae (e. g., polioviruses, rhinoviruses, etc.); Caliciviridae; 
Togaviridae (e. g., rubella virus, dengue virus, etc.); Flaviviridae; Coronaviridae; Reoviridae 
(e. g., rotavirus, etc.); Birnaviridae; Rhabodoviridae (e. g., rabies virus, etc.); 
Orthomyxoviridae (e. g., influenza virus types A, B and C, etc.); Filoviridae; 
Paramyxoviridae (e. g., mumps virus, measles virus, respiratory syncytial virus, parainfluenza 
virus, etc.); Bunyaviridae; Arenaviridae; Retroviradae (e. g., HTLV-I; HTLV-11; HTV-1 (also 
known as HTLV-1 1 1, LAV, ARV, hTLR, etc.)), including but not limited to antigens from 
the isolates HIVI1 lb, HIVSF2, HTVLAV, HIVLAI, HIVMN); HRMCM235, HIV-1; HIV- 
2, among others; simian immunodeficiency virus (SIV)); Papillomavirus, the tick-borne 
encephalitis viruses; and the like. See, e. g. Virology, 3rd Edition (W. K. Joklik ed. 1988); 
Fundamental Virology, 3rd Edition (B. N. Fields, D. M. Knipe, and P.M. Howley, Eds. 
1996), for a description of these and other viruses. In one embodiment, the antigen is Flu-HA 
(Morgan et al., J. Immunol. 160:643 (1998)). 

[0206] In some alternative embodiments, the antigen is derived from bacterial 

pathogens such as Mycobacterium, Bacillus, Yersinia, Salmonella, Neisseria, Borrelia (for 
example, OspA or OspB or derivatives thereof), Chlamydia, or Bordetella (for example, P.69, 
PT and FHA), or derived from parasites such as Plasmodium or Toxoplasma. In one 
embodiment, the antigen is derived from Mycobacterium tuberculosis (e.g. ESAT-6, 85A, 
85B, 85C, 72F), Bacillus anthracis (e.g.PA), or Yersinia pestis (e.g. Fl, V). In addition, 
antigens suitable for use in the present invention can be obtained or derived from known 
causative agents responsible for diseases including, but not limited to, Diptheria, Pertussis, 
Tetanus, Tuberculosis, Bacterial or Fungal Pneumonia, Otitis Media, Gonorrhea, Cholera, 
Typhoid, Meningitis, Mononucleosis, Plague, Shigellosis or Salmonellosis, Legionaire ! s 
Disease, Lyme Disease, Leprosy, Malaria, Hookworm, Onchocerciasis, Schistosomiasis, 
Trypanosomiasis, Leishmaniasis, Giardia, Amoebiasis, Filariasis, Borelia, and Trichinosis. 
Still further antigens can be obtained or derived from unconventional pathogens such as the 
causative agents of kuru, Creutzfeldt- Jakob disease (CJD), scrapie, transmissible mink 
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encephalopathy, and chronic wasting diseases, or from proteinaceous infectious particles such 
as prions that are associated with mad cow disease. 

[0207] In still other embodiments, the antigen is obtained or derived from a biological 

agent involved in the onset or progression of neurodegenerative diseases (such as 
Alzheimer's disease), metabolic diseases (such as Type I diabetes), and drug addictions (such 
as nicotine addiction). Alternatively, the antigen encoded by the recombinant nucleic acid 
molecule is used for pain management and the antigen is a pain receptor or other agent 
involved in the transmission of pain signals. 

[0208] In some embodiments, the antigen is a human protein or is derived from a 

human protein. In other embodiments, the antigen is a non-human protein or is derived from 
a non-human protein (a fragment and/or variant thereof). In some embodiments, the antigen 
portion of the fusion protein encoded by the expression cassette is a protein from a non- 
human animal or is a protein derived from a non-human animal. For instance, even if the 
antigen is to be expressed in a Zwtena-based vaccine that is to be used in humans, in some 
embodiments, the antigen can be murine mesothelin or derived from murine mesothelin. 

V. Codon-optimization 

[0209] In some embodiments, one or more of the polynucleotides (i.e., polynucleotide 

sequences) within the recombinant nucleic acid molecule, expression cassette and/or 
expression vector are codon-optimized (relative to the native coding sequence). In some 
embodiments, a polynucleotide in the recombinant nucleic acid molecules (and/or in the 
expression cassette and/or expression vector) described herein that encodes a signal peptide is 
codon-optimized for expression in a bacterium. In some embodiments, a polynucleotide 
encoding a polypeptide other than a signal peptide, such as an antigen or other therapeutic 
protein, is codon-optimized for expression in a bacterium. In some embodiments, both a 
polynucleotide encoding a signal peptide and a polynucleotide encoding another polypeptide 
fused to the signal peptide are codon-optimized for expression in a bacterium. In some 
embodiments, a polynucleotide encoding a secreted protein (or fragment thereof) used as a 
scaffold or a polynucleotide encoding an autolysin (or fragment or variant thereof) is codon- 
optimized. 

[0210] A polynucleotide comprising a coding sequence is "codon-optimized" if at 

least one codon of the native coding sequence of the polynucleotide has been replaced with a 
codon that is more frequently used by the organism in which the coding sequence is to be 
expressed (the "target organism") than the original codon of the native coding sequence. For 
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instance, a polynucleotide encoding a non-bacterial antigen that is to be expressed in a 
particular species of bacteria is codon-optimized if at least one of the codons from the native 
bacterial polynucleotide sequence is replaced with a codon that is preferentially expressed in 
that particular species of bacteria in which the non-bacterial antigen is to be expressed. As 
another example, a polynucleotide encoding a human cancer antigen that is to be part of an 
expression cassette in recombinant Listeria monocytogenes is codon-optimized if at least one 
codon in the polynucleotide sequence is replaced with a codon that is more frequently used 
by Listeria monocytogenes for that amino acid than the codon in the original human sequence 
would be. Likewise, a polynucleotide encoding a signal peptide native to Listeria 
monocytogenes (such as the LLO signal peptide from L. monocytogenes) that is to be part of 
an expression cassette to encode a fusion protein comprising a human cancer antigen in 
recombinant Listeria monocytogenes is codon-optimized if at least one codon in the 
polynucleotide sequence encoding the signal peptide is replaced with a codon that is more 
frequently used by Listeria monocytogenes for that amino acid than the codon in the original 
(native) sequence is. In some embodiments, at least one codon that is replaced in the codon- 
optimized sequence is replaced with the codon most frequently used by the target organism to 
code for the same amino acid. 

[0211] In some embodiments, at least two codons of the native coding sequence of 

the polynucleotide have been replaced with a codon that is more frequently used by the 
organism in which the coding sequence is to be expressed than the original codon of the 
native coding sequence. In some embodiments, at least about five codons, at least about 10 
codons, or at least about 20 codons of the native coding sequence of the polynucleotide have 
been replaced with a codon that is more frequently used by the organism in which the coding 
sequence is to be expressed than the original codon of the native coding sequence. 
[0212] In some embodiments, at least about 1 0% of the codons in the codon- 

optimized polynucleotide have been replaced with codons more frequently (or most 
frequently) used by the target organism (than the original codons of the native sequence). In 
other embodiments, at least about 25% of the codons in the codon-optimized polynucleotide 
have been replaced with codons more frequently used (or most frequently) used by the target 
organism. In other embodiments, at least about 50% of the codons in the codon-optimized 
polynucleotide have been replaced with codons more frequently used (or most frequently) 
used by the target organism. In still other embodiments, at least about 75% of the codons in 
the codon-optimized polynucleotide have been replaced with codons more frequently used 
(or most frequently used) by the target organism. 
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[0213] The codon preferences of different organisms have been widely studied by 

those skilled in the art. For instance, see Sharp et al., Nucleic Acids Res., 15:1281-95 (1987) 
and Uchijima et al., The Journal of Immunology, 161:5594-9 (1998). As a result, codon 
usage tables are publicly available for a wide variety of organisms. For instance, codon 
usage tables can be found on the internet at AYww.kazusa.or.jp/codon/ for a wide variety of 
organisms as well as on other publicly available sites. (See, e.g., Nakamura et al. (2000) 
Nucleic Acids Research 28:292.) An exemplary codon usage table from 
www.kazusa.or.jp/codon/, the codon usage table for Listeria monocytogenes 
(http://www.kazusa.or.jp/codon/cgi- 

bin/showcodon.cgiTspecies^i^^r/a+mowcy/o^w^+fgbbct]), is reproduced for 
convenience below in Table 2A. Exemplary codon usage tables for Bacillus anthracis, 
Mycobacterium tuberculosis, Salmonella typhimurium, Mycobacterium bovis BCG, and 
Shigella flexneri are also provided in Tables 2B, 2C, 2D, 2E, and 2F, respectively, below. 



Table 2A: Codon Usage Table for Listeria Monocytogenes (from www.kazusa.or.jp/codon/). 
Listeria monocytogenes: 3262 CDS's (1029006 codons) 
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Table 2B: Codon Usage Table for Bacillus anthracis (from www.kazusa.or.jp/codon/). 
Bacillus anthracis [gbbct]: 312 CDS's (90023 codons) 



fields: [triplet] [frequency: per thousand] ([number]) 
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UAA 


2. 


2( 


199) 


UGA 


0 


• 5( 


47) 


UUG 


11. 


4( 


1024) 


UCG 


4 


• 2{ 


375) 


UAG 


0. 


7( 


66) 


UGG 


9.3( 


835) 


CDU 


14. 


4 ( 


1300) 


ecu 


10 


7 ( 


967 ) 


CAU 


15. 


5( 


J. J Z> t. } 




9 


-8( 


OOO ) 


cue 


3. 


7( 


335) 


ccc 


2 


• 7( 


242) 


CAC 


4. 


2( 




CCC 


2 


• 5( 




CUA 


12. 


4( 


1117) 


CCA 


17 


-8( 


1599) 


CAA 


32. 


3( 


2912) 


CGA 


6 


• 3( 


569) 


CUG 


4. 


4( 


392 ) 


CCG 


5 


• 9( 


534 ) 


CAG 


9.5( 


859) 


CGG 


2 


• 0( 


179) 


AUU 


44. 


5( 


4009) 


ACU 


21 


.0( 


1890) 


AAU 


44. 


0( 


3959) 


AGU 


17 


■ 4( 


1565) 


AUC 


11. 


9( 


1072) 


ACC 


5 


• 0( 


453) 


AAC 


14. 


K 


1268) 


AGC 


5 


• 2( 


467) 


AUA 


22. 


7( 


2042) 


ACA 


26 


• 8( 


2414) 


AAA 


64. 


3( 


5786) 


AGA 


13 


.7( 


1236) 


AUG 


23. 3( 


2098) 


ACG 


9 


• 4( 


844) 


AAG 


22. 7{ 


2047) 


AGG 


4 


• K 


368) 


GUU 


20. 


3( 


1824) 


GCU 


17 


• 8( 


1598) 


GAU 


39. 


3( 


3536) 


GGU 


17 


.9( 


1611) 


GUC 


4. 


6( 


414) 


GCC 


4 


-K 


372) 


GAC 


9. 


0( 


811) 


GGC 


5 


• 8( 


524) 


GUA 


26. 


4( 


2374) 


GCA 


23. 5( 


2117) 


GAA 


53. 


9( 


4855) 


GGA 


24 


• 5( 


2203) 


GUG 


10. 


8< 


973) 


GCG 


7 


.9( 


709) 


GAG 


17. 


9( 


1614) 


GGG 


12 


• 0( 


1083) 



Coding GC 34.55% 1st letter GC 44.99% 2nd letter GC 33.16% 3rd letter GC 25.51% 



Table 2C: Codon Usage Table for Mycobacterium tuberculosis(from 
www.kazusa.or.jp/codon/). 

Mycobacterium tuberculosis [gbbct]: 363 CDS's (131426 codons) 



fields: [triplet] [frequency: per thousand] ([number]) 



uuu 


5 


-4( 


709) 


UCU 


2. 


0( 


265) 


UAU 


6. 


0( 


788) 


UGU 


2. 


5( 


326) 


uuc 


25 


.6< 


3359) 


UCC 


11. 


4( 


1499) 


UAC 


17. 


6( 


2307) 


UGC 


5. 


6( 


738) 


UUA 


1 


.8( 


231) 


UCA 


4. 


3{ 


571) 


UAA 


0. 


4( 


52) 


UGA 


1. 


5( 


201) 


UUG 


14 


• 8( 


1945) 


UCG 


19. 


2( 


2522) 


UAG 


0.8( 


103) 


UGG 


17. 


9( 


2352) 


CUU 


5 


-9( 


778) 


ecu 


3. 


9( 


511) 


CAU 


5. 


4( 


711) 


CGU 


8. 


0( 


1048) 


cue 


17 


• 7( 


2329) 


CCC 


18. 


3( 


2411) 


CAC 


14. 


7( 


1928) 


CGC 


26. 


7( 


3508) 


CUA 


4 


• 0( 


521) 


CCA 


6. 


4( 


843) 


CAA 


7. 


8( 


1030) 


CGA 


5. 


8( 


764) 


CUG 


45 


• 9< 


6032) 


CCG 


33. 


2( 


4359) 


CAG 


24. 


2( 


3176) 


CGG 


21.1 ( 


2772) 


AUU 


7 


-6( 


993) 


ACU 


4. 


K 


545) 


AAU 


4. 


8( 


637) 


AGU 


4. 


0( 


531) 


AUC 


32 


• 7( 


4300) 


ACC 


36. 


0( 


4735) 


AAC 


26. 


3( 


3451) 


AGC 


15. 


0( 


1976) 


AUA 


2 


• M 


282) 


ACA 


4. 


7{ 


616) 


AAA 


5. 


8( 


761) 


AGA 


1. 


5( 


192) 


AUG 


19. 7( 


2591) 


ACG 


16. 


4{ 


2158) 


AAG 


26. 


5( 


3485) 


AGG 


3. 


3( 


429) 


GUU 


8 


• 3( 


1095) 


GCU 


11. 


2( 


1473) 


GAU 


15. 


6( 


2046) 


GGU 


18. 


7( 


2455) 


GUC 


32 


• 3( 


4249) 


GCC 


51. 


5( 


6769) 


GAC 


44. 


6{ 


5858) 


GGC 


48. 


6( 


6383) 


GUA 


4 


• 7( 


622) 


GCA 


12. 


4( 


1625) 


GAA 


16. 


8( 


2211) 


GGA 


9. 


0( 


1183) 


GUG 


35 


• 7( 


4687) 


GCG 


41. 


7( 


5482) 


GAG 


35. 


8( 


4702) 


GGG 


16. 


9{ 


2215) 



Coding GC 64.43% 1st letter GC 6527% 2nd letter GC 4828% 3rd letter GC 79.75% 
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Table 2D: Codon Usage Table for Salmonella typhimurium (from www.kazusa.or.jp/codon/). 
Salmonella typhimurium [gbbct]: 1322 CDS's (416065 codons) 



fields: [triplet] [frequency: per thousand] ([number]) 



uuu 


21.7 { 


9041) 


UCU 


8 


.5( 


3518) 


UAU 


16. 


5( 


6853) 


UGU 


4 . 


6( 


1920) 


uuc 


15. 1{ 


6265) 


UCC 


10 


.6( 


4430) 


UAC 


11. 


6( 


4826) 


UGC 


6 . 


1( 


2524 ) 


UUA 13.6 { 


5650) 


UCA 


7 


• 9( 


3286) 


UAA 


1. 


8< 


731) 


UGA 


1. 


1 ( 


465) 


UUG 


12. 1{ 


5025) 


UCG 


9 


.4( 


3924) 


UAG 


0. 


3( 


121) 


UGG 


14. 


K 


5851) 


CUU 


12.1 ( 


5038) 


ecu 


7 


.9{ 


3290) 


CAU 


12. 


1 ( 


5047) 


CGU 


18 . 


K 


7542) 


cue 


10. 6( 


4396) 


CCC 


7 


.0( 


2921) 


CAC 


9. 


2( 


3818) 


CGC 


20 . 


8( 


8659) 


CUA 


4.7( 


1958) 


CCA 


6 


• 5( 


2712) 


CAA 


12. 


8{ 


5315) 


CGA 


4. 


K 


1695) 


CUG 


49. 3( 


20508) 


CCG 


22 


.7{ 


9463) 


CAG 


30. 


8( 


12803) 


CGG 


7. 


2( 


3004) 


AUD 


28. 1( 


11700) 


ACU 


8 


.2( 


3401) 


AAU 


19. 


5( 


8107) 


AGU 


8. 


6( 


3569) 


AUC 


23. 9( 


9941) 


ACC 


24 


• 0( 


9980) 


AAC 


21. 


4( 


8920) 


AGC 


18. 


0( 


7485) 


AUA 


6.7 ( 


2771) 


ACA 


8 


• 0( 


3316) 


AAA 


33. 


0( 


13740) 


AGA 


3. 


2( 


1348) 


AUG 


26. 1( 


10842) 


ACG 


18 


-6( 


7743) 


AAG 


12. 


4( 


5151) 


AGG 


2, 


3( 


959) 


GUU 


16.4 ( 


6831) 


GCU 


14 


.4( 


5985) 


GAU 


32. 


9( 


13700) 


GGU 


18. 


K 


7541) 


GUC 


17. 7( 


7367) 


GCC 


27 


.5{ 


11462) 


GAC 


21. 5( 


8949) 


GGC 


33, 


• 0( 


13730) 


GUA 


11. 9( 


4935) 


GCA 


14 


• 8{ 


6156) 


GAA 


36, 


K 


15021) 


GGA 


9, 


.K 


3788) 


GUG 


24. 3{ 


10092) 


GCG 


37 


• 0( 


15387) 


GAG 


20, 


9( 


8715) 


GGG 


11. 


.6( 


4834) 



Coding GC 52.45% 1st letter GC 58.32% 2nd letter GC 41.31% 3rd letter GC 57.71% 



Table 2E; Codon Usage Table for Mycobacterium bovis BCG (from 
www.kazusa.or.jp/codon/). 

Mycobacterium bovis BCG [gbbct]: 51 CDS's (16528 codons) 



fields: [triplet] [frequency: per thousand] ([number]) 



UUU 


4.7( 


77) 


UCU 


1.9( 


31) 


UAU 


6.6( 


109) 


UGU 


2.0{ 


33) 


UUC 


27.4 ( 


453) 


UCC 


11.4 ( 


189) 


UAC 


17. 0( 


281) 


UGC 


6.7( 


110) 


UUA 


1.6( 


26) 


UCA 


4.5( 


74) 


UAA 


0.9( 


15) 


UGA 


1.3( 


22) 


UUG 


14.7 ( 


243) 


UCG 


20. 8( 


343) 


UAG 


0.8( 


14) 


UGG 


14. 3{ 


237) 


CUU 


5.6( 


92) 


ecu 


2.9( 


48) 


CAU 


4 .9( 


81) 


CGU 


9.4 ( 


155) 


cue 


14.8 ( 


244) 


CCC 


16. 3{ 


270) 


CAC 


17. 2 ( 


285) 


CGC 


33.8 ( 


559) 


CUA 


5.1( 


85) 


CCA 


5.1( 


84) 


CAA 


7.3( 


120) 


CGA 


7-K 


118) 


CUG 


51. 5( 


852) 


CCG 


31. 0( 


512) 


CAG 


25. 5( 


421) 


CGG 


26. 7{ 


441) 


AUU 


6.1( 


100) 


ACU 


3.1< 


51) 


AAU 


4.8 ( 


80) 


AGU 


2.8 ( 


46) 


AUC 


39. 6( 


654) 


ACC 


36.8 ( 


609) 


AAC 


22. 3( 


369) 


AGC 


14. 5( 


240) 


AUA 


2.2( 


37) 


ACA 


4.4 ( 


73) 


AAA 


6.2( 


102) 


AGA 


1.1 ( 


19) 


AUG 20. 2 ( 


334) 


ACG 


17. 4( 


288) 


AAG 


24. 5( 


405) 


AGG 


3.8( 


62) 


GUU 


7.8( , 


129) 


GCU 


9.6( 


158) 


GAU 


13.4 ( 


222) 


GGU 


16. 9( 


280) 


GUC 


30. 1( 


497) 


GCC 


54. 3{ 


898) 


GAC 


45. 6( 


754) 


GGC 


42. 6( 


704) 


GUA 


4.1( 


67) 


GCA 


12. 5{ 


206) 


GAA 


16. 5( 


273) 


GGA 


7.3( 


120) 


GUG 


37.6 ( 


621) 


GCG 


41.7 ( 


689) 


GAG 


32.7 ( 


541) 


GGG 


16. 7( 


276) 



Coding GC 64.82% 1st letter GC 65.36% 2nd letter GC 48.07% 3rd letter GC 81.04% 



Table 2F: Codon Usage Table for Shigella flexneri (from www.kazusaor.jp/codon/). 
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Shigella flexneri [gbbct]: 706 CDS's (180312 codons) 



fields: [triplet] [frequency: per thousand] ([number]) 



ouu 


25.8 ( 


4658) 


UCU 


16. 6( 


2986) 


UAU 


21. 9 ( 


3945) 


UGU 


6. 


9( 


1252) 


uuc 


15. 1( 


2714) 


UCC 


9.5( 


1717) 


UAC 


11. 0( 


1992) 


UGC 


5. 


6( 


1011) 


UUA 20.8 ( 


3756) 


UCA 


15. 6( 


2821) 


UAA 


2.0( 


362) 


UGA 


1. 


4( 


254) 






2424) 


UCG 


6.9( 


1241) 


UAG 


0.5( 


91) 


UGG 


13. 1{ 


2357) 


cuu 


17. 6 ( 


3169) 


ecu 


9.2{ 


1656) 


CAU 


15. 1( 


2725) 


CGU 


15. 


0( 


2707) 


cue 


10.4 ( 


1878) 


CCC 


5.9( 


1072) 


CAC 


8.2( 


1472) 


CGC 


12. 


6( 


2269) 


CUA 


7.2( 


1295) 


CCA 


9.7( 


1744) 


CAA 


15. 9( 


2861) 


CGA 


5. 


8( 


1046) 


CUG 


33.5 ( 


6045) 


CCG 


12.2 ( 


2199) 


CAG 


23. 6( 


4255) 


CGG 


9. 


0( 


1627) 


AUU 


30. 0( 


5417) 


ACU 


13. 8( 


2480) 


AAU 


33. 5( 


6044) 


AGU 


15. 


3( 


2764) 


AUC 


16.7 ( 


3018) 


ACC 


13. 4{ 


2413) 


AAC 


18. 6( 


3348) 


AGC 


12. 


7( 


2281) 


AUA 


18. 9( 


3402) 


ACA 


16. 2( 


2930) 


AAA 


41. 6( 


7507) 


AGA 


10. 


3( 


1865) 


AUG 


23. 3( 


4198) 


ACG 


10. 0< 


1809) 


AAG 


16.4 ( 


2961) 


AGG 


5. 


7( 


1029) 


GUU 


19. 8{ 


3576) 


GCU 


19. 6( 


3527) 


GAU 


34. 0( 


6123) 


GGU 


19. 


2( 


3468) 


GUC 


11. 8{ 


2126) 


GCC 


18. 5( 


3338) 


GAC 


16. 3( 


2939) 


GGC 


15. 


3( 


2754) 


GUA 


13. 1( 


2370) 


GCA 


22. 2 { 


4009) 


GAA 


37. 5 ( 


6763) 


GGA 


15. 


K 


2727) 


GUG 


16. 1( 


2910) 


GCG 


15.2 ( 


2732) 


GAG 


21. 7( 


3913) 


GGG 


10. 


9( 


1970) 



Coding GC 44.63% 1st letter GC 51 .72% 2nd letter GC 38.85% 3rd letter GC 43.32% 



[0214] In some embodiments of the invention, at least about 10%, at least about, 

25%, at least about 50%, or at least about 75% of the codons in a codon-optimized coding 
sequence are the most preferred codon for that amino acid used in the target organism. In 
other embodiments, 100% of the codons in the codon-optimized coding sequence are the 
most preferred codon for that amino acid in the target organism (i.e., the sequence is "fully 
codon-optimized"). For instance, in the Examples shown below, all of the codons of the 
sequences characterized as codon-optimized were the most frequently used codons for the 
target organism; however, any codon substitution that results in a more frequently used codon 
than the original (native) sequence can be considered "codon-optimized". Table 3, below 
shows the optimal codon usage in Listeria monocytogenes for each amino acid. 
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Amino Acid 


One Letter Code 


Optimal Listeria Codon 


Alanine 


A 


GCA 


Arginine 


R 


CGU 


Asparagine 


N 


AAU 


Aspartate 


D 


GAU 


Cysteine 


C 


UGU 


Glutamine 


Q 


CAA 


Ghitamate 


E 


GAA 


Glycine 


G 


GGU 


Histidine 


H 


CAU 


Isoleucine 


I 


AUU 


Leucine 


L 


UUA 


Lysine 


K 


AAA 


Methionine 


M 


AUG 


Phenylalanine 


F 


UUU 


Proline 


P 


CCA 


Serine 


S 


AGU 


Threonine 


T 


ACA 


Tryptophan 


W 


UGG 


Tyrosine 


Y 


UAU 


Valine * 


V 


GUU 



[0215] In some embodiments, the codon-optimized polynucleotides encode a signal 

peptide. In some embodiments, the signal peptide is foreign to the bacterium for which the 
sequence is codon-optimized. In other embodiments, the signal peptide is native to the 
bacterium for which the sequence is codon-optimized. For instance, in some embodiments, 
the codon-optimized polynucleotide encodes a signal peptide selected from the group 
consisting of LLO signal peptide from Listeria monocytogenes, Usp45 signal peptide from 
Lactococcus lactis, Protective Antigen signal peptide from Bacillus anthracis, p60 signal 
peptide from Listeria monocytogenes and PhoD signal peptide from B. subtilis Tat signal 
peptide. In some embodiments, the codon-optimized polynucleotide encodes a signal peptide 
other than Protective Antigen signal peptide from Bacillus anthracis. In some embodiments, 
the polynucleotide encoding a signal peptide is codon-optimized for expression in Listeria 
monocytogenes. 
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[0216] In some embodiments, the codon-optimized polynucleotide encodes a (non- 

signal peptide) protein that is foreign to the bacterium for which the polynucleotide sequence 
has been codon-optimized. In some embodiments, the codon-optimized polynucleotide 
encodes a polypeptide comprising an antigen. For instance, in some embodiments, the 
codon-optimized polynucleotide encodes a polypeptide comprising an antigen that is a tumor- 
associated antigen or an antigen that is derived from a tumor-associated antigen. 
[0217] In some embodiments, codon-optimization of a polynucleotide encoding a 

signal peptide and/or other polypeptide enhances expression of a polypeptide (such as a 
fusion protein, protein chimera and/or a foreign polypeptide encoded by a recombinant 
nucleic acid molecule, expression cassette, or expression vector) comprising the signal 
peptide and/or other polypeptide in a bacterium, relative to the corresponding polynucleotide 
without codon-optimization. In some embodiments, the codon-optimization of the 
polynucleotide enhances expression by at least about 2-fold, by at least about 5-fold, by at 
least about 10-fold, or by at least about 20 fold (relative to the corresponding polynucleotide 
without codon-optimization). In some embodiments, codon-optimization of a polynucleotide 
encoding a signal peptide and/or other polypeptide enhances secretion of a polypeptide (such 
as a fusion protein, protein chimera and/or a foreign polypeptide) comprising the signal 
peptide and/or other polypeptide from a bacterium, relative to the corresponding 
polynucleotide without codon-optimization. In some embodiments, the codon-optimization 
enhances secretion by at least about 2-fold, by at least about 5 -fold, by at least about 10-fold, 
or by at least about 20 fold (relative to the corresponding polynucleotide without codon- 
optimization). In some embodiments, both the level of expression and secretion is enhanced. 
Levels of expression and/or secretion can be readily assessed using techniques standard to 
those in the art such as Western blots of the various relevant bacterial culture fractions. 

VI. Expression cassettes 

[0218] Expression cassettes are also provided by the present invention. For instance, 

in some embodiments, the invention provides an expression cassette comprising any of the 
recombinant nucleic acid molecules described herein and further comprising promoter 
sequences operably linked to the coding sequences in the recombinant nucleic acid molecules 
(e.g., the first polynucleotide encoding a signal peptide and the second polynucleotide 
encoding the other polypeptide). In some embodiments, the expression cassette is isolated. 
In some other embodiments, the expression cassette is contained within an expression vector, 
which may be isolated or may be contained within a bacterium. In still further embodiments, 
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the expression cassette is positioned in the chromosomal DNA of a bacterium. For instance, 
in some embodiments, the expression cassette has been integrated within the genome of a 
bacterium. In some embodiments, an expression cassette that is integrated within the genome 
of a bacterium comprises one or more elements from the genomic DNA. For instance, in 
some embodiments, a recombinant nucleic acid molecule is inserted in a site in the genomic 
DNA of a bacterium (e.g., via site-specific integration or homologous recombination) such 
that the recombinant nucleic acid is operably linked to a promoter already present in the 
genomic DNA, thereby generating a new expression cassette integrated within the genomic 
DNA. In some other embodiments, the expression cassette is integrated into the genomic 
DNA (e.g., via site-specific integration or homologous recombination) as an intact unit 
comprising both the promoter and the recombinant nucleic acid molecule. 
[0219] In some embodiments, the expression cassettes are designed for expression of 

polypeptides in bacteria. In some embodiments, the expression cassettes are designed for the 
expression of heterologous polypeptides, such as heterologous antigens in bacteria. In some 
embodiments, the expression cassettes provide enhanced expression and/or secretion of the 
polypeptides. 

[0220] Generally, an expression cassette comprises the following ordered elements: 

(1) a promoter and (2) a polynucleotide encoding a polypeptide. In some embodiments, an 
expression cassette comprises the following elements: (1) a promoter; (2) a polynucleotide 
encoding a signal peptide; and (3) a polynucleotide encoding a polypeptide (e.g., a 
heterologous protein). In still other embodiments, an expression cassette comprises the 
following elements: (1) prokaryotic promoter; (2) Shine-Dalgarno sequence; (3) a 
polynucleotide encoding a signal peptide; and, (4) a polynucleotide encoding a polypeptide 
(such as a heterologous protein). In some embodiments, an expression cassette comprises 
more than one promoter. 

[0221] In some embodiments, the expression cassette may also contain a transcription 

termination sequence inserted downstream from the C-terminus of the translational stop 
codon related to the heterologous polypeptide. For instance, in some embodiments, a 
transcription termination sequence may be used in constructs designed for stable integration 
within the bacterial chromosome. While not required, inclusion of a transcription termination 
sequence as the final ordered element in a heterologous gene expression cassette may prevent 
polar effects on the regulation of expression of adjacent genes due to read-through 
transcription. Accordingly, in some embodiments, appropriate sequence elements known to 
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those who are skilled in the art that promote either rho-dependent or rho-independent 
transcription termination can be placed in the heterologous protein expression cassette. 
[0222] In one aspect, the invention provides an expression cassette comprising the 

following: (a) a first polynucleotide encoding a signal peptide, wherein the first 
polynucleotide is codon-optimized for expression in a bacterium; (b) a second 
polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide; and (c) a promoter operably linked to 
the first and second polynucleotides, so that the expression cassette encodes a fusion protein 
comprising the signal peptide and the polypeptide. 

[0223] In another aspect, the invention provides an expression cassette comprising (a) 

a first polynucleotide encoding a signal peptide native to a bacterium, wherein the first 
polynucleotide is codon-optimized for expression in the bacterium, (b) a second 
polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, and (c) a promoter operably linked to 
the first and second polynucleotides of the expression cassette, wherein the recombinant 
nucleic acid molecule encodes a fusion protein comprising the signal peptide and the 
polypeptide. In some embodiments, the polypeptide encoded by the second polynucleotide is 
heterologous to the signal peptide. In some embodiments, the second polynucleotide is 
heterologous to the first polynucleotide. In some embodiments, the polypeptide is 
heterologous to the bacterium to which the signal peptide is native (i.e., foreign to the 
bacterium). In some embodiments, the bacterium from which the signal peptide is derived is 
an intracellular bacterium. In some embodiments, the bacterium is selected from the group 
consisting of Listeria, Bacillus, Yersinia pestis, Salmonella, Shigella, Brucella, mycobacteria 
and E. coli. In some embodiments the bacterium is a Listeria bacterium (e.g., Listeria 
monocytogenes). In some embodiments, the second polynucleotide is codon-optimized for 
expression in the bacterium. 

[0224] In another aspect, the invention provides an expression cassette, wherein the 

expression cassette comprises (a) a first polynucleotide encoding a signal peptide, wherein 
the first polynucleotide is codon-optimized for expression in a Listeria bacterium, (b) a 
second polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the 
same translational reading frame as the first polynucleotide, and (c) a promoter operably 
linked to the first and second polynucleotides of the expression cassette, wherein the 
recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the expression cassette is a polycistronic 
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expression cassette. In some embodiments, the second polynucleotide is codon-optimized for 
expression in the Listeria bacterium. In some embodiments, the polypeptide encoded by the 
second polynucleotide is foreign to the Listeria bacterium (i.e., heterologous to the Listeria 
bacterium). In some embodiments, the polypeptide encoded by the second polynucleotide is 
heterologous to the signal peptide. In some embodiments, the expression cassette comprises 
more than one promoter. 

[0225] In another aspect, the invention provides an expression cassette comprising (a) 

a first polynucleotide encoding a non-secAl bacterial signal peptide; (b) a second 
polynucleotide encoding a polypeptide in the same translational reading frame as the first 
polynucleotide; and (c) a promoter operably linked to the first and second polynucleotides, so 
that the expression cassette encodes a fusion protein comprising the signal peptide and the 
polypeptide. In some embodiments, the first polynucleotide and/or the second polynucleotide 
is codon-optimized for expression in a bacterium, such as Listeria, Bacillus, Yersinia pestis, 
Salmonella, Shigella, Brucella, mycobacteria or E. coli. In some embodiments, the 
polynucleotide(s) is codon-optimized for expression in Listeria, such as Listeria 
monocytogenes. In some embodiments, the signal peptide encoded by the codon-optimized 
first polynucleotide is native to the bacterium for which it is codon-optimized. In some 
embodiments, the first polynucleotide encoding the signal peptide is heterologous to the 
second polynucleotide. In some embodiments, the polypeptide encoded by the second 
polynucleotide is heterologous to the signal peptide. In some embodiments, the expression 
cassette is a polycistronic expression cassette. In some embodiments, the first 
polynucleotide, the second polynucleotide, or both the first and second polynucleotide is 
codon-optimized for expression in a Listeria bacterium (e.g., Listeria monocytogenes). In 
some embodiments, the first and second polynucleotides are heterologous to each other. In 
some embodiments, the polypeptide encoded by the second polynucleotide and the signal 
peptide are heterologous to each other. In some embodiments, the polypeptide encoded by 
the second polynucleotide is foreign to the Listeria bacterium (i.e., heterologous to the 
Listeria bacterium). In some embodiments, the expression cassette comprises more than one 
promoter. 

[0226] The invention also provides an expression cassette comprising the following: 

(a) a polynucleotide encoding a polypeptide foreign to Listeria, wherein the polynucleotide is 
codon-optimized for expression in Listeria; and (b) a promoter, operably linked to the 
polynucleotide encoding the foreign polypeptide. In some embodiments, the polypeptide that 
is encoded by the expression cassette is an antigen (e.g., see description of some possible 
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antigens above). In some embodiments, the expression cassette further comprises a 
polynucleotide encoding a signal peptide. The polynucleotide encoding the signal peptide is 
also operably linked with the promoter so that the expression cassette expresses a fusion 
protein comprising both the foreign polypeptide and the signal peptide. Polynucleotides 
encoding signal peptides suitable for use in the expression cassette include, but are not 
limited to, those described above. In some embodiments, the polynucleotide encoding a 
signal peptide that is included in the expression cassette is codon-optimized for expression in 
a bacterium such as Listeria (e.g., al. monocytogenes bacterium) as described above. 
[0227] The invention also provides an expression cassette comprising the following: 

(a) a first polynucleotide encoding a non-Listerial signal peptide; (b) a second polynucleotide 
encoding a polypeptide that is in the same translational reading frame as the first 
polynucleotide; and (c) a promoter operably linked to both the first and second 
polynucleotides, wherein the expression cassette encodes a fusion protein comprising both 
the non-Listerial signal peptide and the polypeptide. In some embodiments, the expression 
cassette is a polycistronic expression cassette. In some embodiments, the first 
polynucleotide, the second polynucleotide, or both the first and second polynucleotide is 
codon-optimized for expression in Listeria (e.g., Listeria monocytogenes). In some 
embodiments, the first and second polynucleotides are heterologous to each other. In some 
embodiments, the polypeptide encoded by the second polynucleotide and the signal peptide 
are heterologous to each other. In some embodiments, the polypeptide encoded by the 
second polynucleotide is foreign to the Listeria bacterium (i.e., heterologous to the Listeria 
bacterium). In some embodiments, the expression cassette comprises more than one 
promoter, 

[0228] The invention further provides an expression cassette, wherein the expression 

cassette comprises (a) a first polynucleotide encoding a bacterial autolysin, or a catalytically 
active fragment or catalytically active variant thereof; and (b) a second polynucleotide 
encoding a polypeptide, wherein the second polynucleotide is in the same translational 
reading frame as the first polynucleotide, and (c) a promoter operably linked to the first and 
second polynucleotides, wherein the expression cassette encodes a protein chimera 
comprising the polypeptide encoded by the second polynucleotide and the autolysin, or 
catalytically active fragment or catalytically active variant thereof, wherein in the protein 
chimera the polypeptide is fused to the autolysin, or catalytically active fragment or 
catalytically active variant thereof, or is inserted within the autolysin, or catalytically active 
fragment or catalytically active variant thereof. In some embodiments, the protein chimera is 
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cataiytically active as an autolysin. In some embodiments, the polypeptide is heterologous to 
the autolysin. In some embodiments, the bacterial autolysin is from an intracellular 
bacterium (e.g., Listeria). In some embodiments, the second polynucleotide encoding the 
polypeptide is inserted within the first polynucleotide encoding the autolysin, or cataiytically 
active fragment or cataiytically active variant thereof, and the expression cassette encodes a 
protein chimera in which the polypeptide is inserted within the autolysin, or cataiytically 
active fragment or cataiytically active variant thereof (i.e., the polypeptide is embedded 
within the autolysin or cataiytically active fragment or cataiytically active variant thereof). In 
alternative embodiments, the second polynucleotide is positioned outside of the first 
polynucleotide encoding the autolysin, or cataiytically active fragment or cataiytically active 
variant thereof, and the expression cassette encodes a protein chimera in which the 
polypeptide is fused to the autolysin, or cataiytically active fragment or cataiytically active 
variant thereof. In some embodiments, the polypeptide is heterologous to the autolysin. In 
some embodiments, the first polynucleotide and the second polynucleotide are heterologous 
to each other. In some embodiments, the autolysin is a SecA2-dependent autolysin. In some 
embodiments, the autolysin is a peptidoglycan hydrolase (e.g., N-acetylmuramidase or p60). 
In some embodiments, the expression cassette further comprises a polynucleotide encoding a 
signal peptide (e.g., a signal peptide normally associated with the autolysin or a signal 
peptide heterologous to the signal peptide). For instance, in some embodiments, the 
expression cassette encodes a protein chimera comprising a p60 signal peptide, the p60 
protein (or cataiytically active fragment or cataiytically active variant thereof), and a 
polypeptide heterologous to p60, embedded within the p60 sequence. In some embodiments, 
the polypeptide encoded by the second polynucleotide is a non-Listerial polypeptide. 
[0229] In another aspect, the invention provides an expression cassette comprising (a) 

a first polynucleotide encoding a signal peptide, (b) a second polynucleotide encoding a 
secreted protein, or a fragment thereof, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, (c) a third polynucleotide encoding a 
polypeptide heterologous to the secreted protein, or fragment thereof, wherein the third 
polynucleotide is in the same translational reading frame as the first and second 
polynucleotides, and (d) promoter operably linked to the first, second, and third 
polynucleotides, wherein the recombinant nucleic acid molecule encodes a protein chimera 
comprising the signal peptide, the polypeptide encoded by the second polynucleotide, and the 
secreted protein, or fragment thereof, and wherein the polypeptide encoded by the third 
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polynucleotide is fused to the secreted protein, or fragment thereof, or is positioned within the 
secreted protein, or fragment thereof, in the protein chimera. 

[0230] In some embodiments, the promoters in the expression cassettes described 

herein (or recombinant nucleic acid molecules described herein) are prokaryotic promoters. 
For instance, the prokaryotic promoters can be Listerial promoters. In some embodiments, 
the Listerial promoter is an hly promoter. In some embodiments, the promoters are pr£A- 
dependent promoters (e.g., an actA promoter). In some embodiments, the promoters are 
constitutive promoters (e.g., a p60 promoter). In some embodiments, the expression cassette 
comprising a recombinant nucleic acid molecule described herein comprises an hly, actA, or 
p60 promoter operably linked to the polynucleotides of the recombinant nucleic acid 
molecule. One of ordinary skill in the art will be readily able to identify additional 
prokaryotic and/or Listerial promoters suitable for use in the expression cassettes in view of 
the intended use of the expression cassette and host bacteria into which the expression 
cassette will be placed. 

[0231] For instance, a variety of mycobacterial promoters suitable for use in the 

recombinant expression cassettes within mycobacteria and other bacteria are known. These 
include the Mycobacterium bovis BCG promoters HSP60 and HSP70, and also include such 
promoters as the mycobactin promoters, a-antigen promoter and 45 KDa antigen promoter of 
M tuberculosis and BCG, the superoxide dismutase promoter, MBP-70, the mycobacterial 
asd promoter, the mycobacterial 14 kDa and 12 kDa antigen promoters, mycobacteriophage 
promoters such as the Bxbl, Bxb2, and Bxb3 promoters, the LI and L5 promoters, the D29 
promoter and the TM4 promoters (see, e.g., U.S. Patent No. 6,566,121). Promoters suitable 
for use in Bacillus anthracis include, but are not limited to, the pagA promoter, the alpha- 
amylase promoter (Pamy), and Pntr (see, e.g., Gat et al., Infect Immun, 71;801-13 (2003)). 
Promoters suitable for use in recombinant Salmonella expression cassettes and vaccines are 
also known and include the nirB promoter, the osmC promoter, P(pagC), and P(tac) (see, e.g., 
Bumann, Infect. Immim. 69:7493-500 (2001); Wang et al., Vaccine, 17:1-12 (1999); 
McSorley et al., Infect Immun. 65:171-8 (1997)). A variety of J?, coli promoters are also 
known to those of ordinary skill in the art. 

[0232] In some embodiments, the promoter used in an expression cassette described 

herein is a constitutive promoter. In other embodiments, the promoter used in an expression 
cassettes described herein is an inducible promoter. The inducible promoter can be induced 
by a molecule (e.g., a protein) endogenous to the bacteria in which the expression cassette is 
to be used. Alternatively, the inducible promoter can be induced by a molecule (e.g. a small 
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molecule or protein) heterologous to the bacteria in which the expression cassette is to be 
used. A variety of inducible promoters are well-known to those of ordinary skill in the art. 
[0233] In some embodiments of the expression cassettes, at the 3' -end of the 

promoter is a poly-purine Shine-Dalgarno sequence, the element required for engagement of 
the 30S ribosomal subunit (via 16S rRNA) to the heterologous gene RNA transcript and 
initiation of translation. The Shine-Dalgarno sequence has typically the following consensus 
sequence: 5'-NAGGAGGU-N 5 -io-AUG (start codon)-3> (SEQ ID NO:85). There are 
variations of the poly-purine Shine-Dalgarno sequence. Notably, the Listeria hly gene that 
encodes listerolysin O (LLO) has the following Shine-Dalgarno sequence: 
AAGGAGA GTGAAACCCATG (SEQ ID NO:70) (Shine-Dalgarno sequence is underlined, 
and the translation start codon is bolded). 

[0234] The construction of expression cassettes for use in bacteria, and even the 

construction of expression cassettes specifically for use in recombinant bacterial vaccines, are 
known in the art. For instance, descriptions of the production and use of a variety of bacterial 
expression cassettes and/or recombinant bacterial vaccines can be found in the following 
references, each of which is hereby incorporated by reference herein in its entirety: Horwitz 
et al., Proc. Natl. Acad Sci. USA, 97:1 3853-8 (2000); Garmory et al., J. Drug Target, 
1 1:471-9 (2003); Kang et al., FEMS Immunol Med Microbiol, 37:99-104 (2003); Garmory 
et al., Vaccine, 21:3051-7 (2003); Kang et al, Infect Immun., 1739-49 (2002); Russman, et 
al., J. Immunol, 167:357-65 (2001); Harth et al., Microbiology, 150:2143-51 (2004); Varaldo 
et al., Infect. Immun., 72:3336-43 (2004); Goonetilleke et al., J. Immunol, 171:1602-9 
(2003); Uno-Furuta et al., Vaccine, 21 :3149-56 (2003); Biet et al., Infect. Immun., 71:2933-7 
(2003); Bao et al., Infect Immun., 71:1656-61 (2003); Kawahara et al., Clin. Immunol, 
105:326-31 (2002); Anderson et al., Vaccine, 18:2193-202 (2000); Bumann, Infect Immun., 
69:7493-500 (2001); Wang et al., Vaccine, 17:1-12 (1999); McSorley et al., Infect Immun., 
65:171-8 (1997); Gat et al., Infect Immun., 71:801-13 (2003); U.S. Patent No. 5,504,005; 
U.S. Patent No. 5,830,702; U.S. Patent No. 6,051,237; US Patent Publication No. 
2002/0025323; US Patent Publication No. 2003/0202985; WO 04/062597; US Patent No. 
6,566,121; and U.S. Patent No. 6,270,776. 

[0235] In some embodiments, it is desirable to construct expression cassettes that 

utilize bicistronic, polycistronic (also known as multicistronic) expression of heterologous 
coding sequences. Such expression cassettes can utilize, for example, a single promoter that 
is operably linked to two or more independent coding sequences. These coding sequences 
can, for example, correspond to individual genes or can, alternatively, correspond to desired 
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and/or selected sub-fragments of a whole designated gene. In this later example, a gene 
might contain a sequence encoding a hydrophobic traxis-membrane domain, which may 
potentially inhibit efficient secretion from Listeria. Thus, it may be desirable to segregate in 
two sub-fragments the coding sequence of this gene from the hydrophobic domain; in this 
instance the two sub-fragments are then expressed as a bicistronic message. Utilization of 
polycistronic expression requires that the 30s ribosome subunit stay on the polycistronic 
RNA message following translation termination of the first coding sequence and release of 
the 50s ribosome sub-unit, and subsequently "read-through" the RNA message to the next 
initiation codon, during which the 50s ribosome sub-unit binds to the RNA-bound 30s 
ribosome subunit, and re-initiating translation. 

[0236] Listeria monocytogenes ; like other bacteria, utilizes polycistronic expression 

of its genomic repertoire. By way of example, the sequence of a Listeria monocytogenes 
intergenic region from a selected polycistronic message can be used to construct polycistronic 
expression cassettes for expression of a selected heterologous protein from recombinant 
Listeria species. For example, several of the prfA-dependent virulence factors from Listeria 
monocytogenes are expressed from polycistronic message. For instance, the Listeria 
monocytogenes ActA and PlcB proteins are expressed as a bicistronic message. The DNA 
sequence corresponding to the Listeria monocytogenes actA-plcB intergenic sequence (5 '-3') 
is shown below : 



5'-TAAAAACACAGAACGAAAGAAAAAGTGAGGTGAATGA-3' (SEQ IDNO:71) 

(The Shine-Dalgarno sequence for translation initiation of plcB is shown in bold. The first 3 
nucleotides of the sequence correspond to an Ochre stop codon.) For a non-limiting example 
of a bicistronic expression vector, a bicistronic hEphA2 expression vector for use in Listeria 
monocytogenes, see Example 28, below. 

[0237] Alternatively, other known intergenic or synthetic sequences can be used to 

construct polycistronic expression cassettes for use in Listeria or other bacteria Construction 
of intergenic regions which lead to substantial secondary RNA structure should be prevented, 
to avoid unwanted transcription termination by a rho-independent mechanism. 
[0238] Importantly, if secretion of any or all translated proteins expressed from the 

polycistronic message is desired, signal peptides must be functionally linked to each coding 
region. In some embodiments, these signal peptides differ from each other. 
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[0239] Thus, in some embodiments, the expression cassettes described herein for use 

in Listeria or other bacteria are polycistronic (e.g., bicistronic). Two or more polypeptides 
are encoded by the bicistronic or polycistronic expression cassettes as discrete polypeptides. 
In some embodiments, the bicistronic or polycistronic expression cassettes comprise an 
intergenic sequence (e.g., from a bicistronic or polycistronic gene) positioned between the 
coding sequences of the two polypeptides. In some embodiments, the intergenic sequence 
comprises a sequence which promotes ribosomal entry and initiation of translation. In some 
embodiments, the intergenic sequence comprises a Shine-Dalgarno sequence. In some 
embodiments, the intergenic sequence is the Listeria monocytogenes actA-plcB intergenic 
sequence. Typically, the intergenic sequence is positioned between a polynucleotide 
sequence encoding a first polypeptide (or a first fusion protein comprising a first polypeptide 
and a signal peptide) and a polynucleotide sequence encoding a second polypeptide (or a 
second fusion protein comprising a second polypeptide and signal peptide). 
[0240] Accordingly, in one aspect, the invention provides an expression cassette 

comprising the following: (a) a first polynucleotide encoding a first polypeptide; (b)a 
second polynucleotide encoding a second polypeptide; (c) an intergenic sequence positioned 
between the first and second polynucleotides; and (f) a promoter operably linked to the first 
and second polynucleotides, wherein the expression cassette encodes the first and second 
polypeptides as two discrete polypeptides. In some embodiments, the first and second 
polypeptides are polypeptides selected from any of the polypeptides described herein (e.g., in 
Section IV, above). In some embodiments, at least one of the first or second polypeptides 
comprises an antigen. In some embodiments, the first and second polynucleotides each 
comprise a (different or the same) fragment of the same antigen. In some embodiments, the 
antigen is a tumor-associated antigen or is derived from a tumor-associated-antigen. 
[0241] The invention further provides an expression cassette comprising the 

following: (a) a first polynucleotide encoding a first signal peptide; (b) a second 
polynucleotide encoding a first (non-signal) polypeptide, wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide; (c) a third 
polynucleotide encoding a second signal peptide; (d) a fourth polynucleotide encoding a 
second (non-signal) polypeptide, wherein the fourth polynucleotide is in the same 
translational reading frame as the third polynucleotide; (e) an intergenic sequence (typically 
positioned between the second polynucleotide and the third polynucleotide); and (f) a 
promoter operably linked to the first polynucleotide, second polynucleotide, third 
polynucleotide, and fourth polynucleotide, so that the expression cassette encodes both a first 
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fusion protein comprising the first signal peptide and the first polypeptide and a second 
fusion protein comprising the second signal peptide and second polypeptide. In some 
embodiments, the one or more of the polynucleotides encoding a signal peptide is codon- 
optimized for expression in a bacterium. In some embodiments, the third and/or fourth 
polynucleotides are codon-optimized for expression in a bacterium (preferably in addition to 
codon-optimization of the polynucleotides encoding the signal peptides). In some 
embodiments, the first and/or second signal peptide is a non-secAl bacterial signal peptide. 
In some embodiments, the intergenic sequence is the Listeria monocytogenes actA-plcB 
intergenic sequence. In some embodiments, the second and third polypeptides are 
polypeptides selected from any of the polypeptides described herein (e.g., in Section IV, 
above), such as polypeptides comprising antigens. In some embodiments, the first and 
second polypeptides are polypeptides selected from any of the polypeptides described herein 
(e.g., in Section IV, above). In some embodiments, at least one of the first or second 
polypeptides comprises an antigen. In some embodiments, the first and second 
polynucleotides each comprise a fragment of the same antigen. In some embodiments, the 
antigen is a tumor-associated antigen or is derived from a tumor-associated-antigen. 
[0242] For instance, the invention provides a polycistronic expression cassette for 

expression of heterologous polypeptides in Listeria, wherein the expression cassette encodes 
at least two discrete non-Listerial polypeptides. In some embodiments, the polycistronic 
expression cassette is a bicistronic expression cassette which encodes two discrete non- 
Listerial polypeptides. In some embodiments, the expression cassette comprises the 
following: (a) a first polynucleotide encoding a first non-Listerial polypeptide; (b) a second 
polynucleotide encoding a second non-Listerial polypeptide; (c) an intergenic sequence 
positioned between the first and second polynucleotides; and (d) a promoter operably linked 
to the first and second polynucleotides, wherein the expression cassette encodes the first and 
second polypeptides as two discrete polypeptides. If the expression cassette is a polycistronic 
expression cassette that encodes three polypeptides as discrete polypeptides, the expression 
cassette will comprise a third polynucleotide operably linked to the promoter and a second 
intergenic sequence positioned between the second and third polynucleotide. In some 
embodiments, at least one of the non-Listerial polypeptides comprises an antigen. In some 
embodiments, at least two of the non-Listerial polypeptides each comprises a fragment of the 
same antigen. 

[0243] In some embodiments, the expression cassette comprises the following: (a) a 

first polynucleotide encoding a first signal peptide; (b) a second polynucleotide encoding a 
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first (non-signal) non-Listerial polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide; (c) a third polynucleotide encoding a 
second signal peptide; (d) a fourth polynucleotide encoding a second (non-signal) non- 
Listerial polypeptide, wherein the fourth polynucleotide is in the same translational reading 
frame as the third polynucleotide; (e) an intergenic sequence positioned between the second 
polynucleotide and the third polynucleotide; and (f) a promoter operably linked to the first 
polynucleotide, second polynucleotide, third polynucleotide, and fourth polynucleotide, so 
that the expression cassette encodes both a first fusion protein comprising the first signal 
peptide and the first polypeptide and a second fusion protein comprising the second signal 
peptide and second polypeptide. In some embodiments, at least one of the non-Listerial 
polypeptides is an antigen. In some embodiments, at least two of the non-Listerial 
polypeptides are each fragments of the same antigen. 

[0244] The invention also provides a method of using any of the expression cassettes 

described herein to produce a recombinant bacterium (e.g. a recombinant Listeria bacterium). 
In some embodiments, the method of using an expression cassette described herein to make a 
recombinant bacterium comprises introducing the expression cassette into a bacterium. In 
some embodiments, the expression cassette is integrated into the genome of the bacterium. In 
some other embodiments, the expression cassette is on a plasmid which is incorporated 
within the bacterium. In some embodiments, incorporation of the expression cassette into the 
bacterium occurs by conjugation. The introduction of the, expression cassette into the 
bacterium can be effected by any of the standard techniques known in the art. For instance, 
incorporation of the expression cassette into the bacterium can occur by conjugation, 
transduction (transfection), or transformation. 

Vn. Vectors 

[0245] The invention further provides vectors, such as expression vectors, which 

comprise any one of the expression cassettes and/or recombinant nucleic acid molecules 
described herein. In some embodiments, the vector is a plasmid. In some embodiments, the 
vector is linear. In some embodiments, the vector is circular. In some embodiments, the 
vector is an integration or homologous recombinant vector. In some embodiments, the vector 
ispAM401. In some embodiments, the vector is pPL2. In some embodiments, the vector is 
isolated. 

[0246] As indicated above, in some embodiments, an expression cassette described 

herein is contained within an expression vector. In some embodiments, the vector is a 
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plasmid. In other embodiments the vector is linear. In alternative embodiments, the 
expression cassette is inserted (i.e. integrated) within genomic DNA of a bacterium using an 
expression vector. In some embodiments, the expression vector is linear. In other 
embodiments, the expression vector is circular. 

[0247] Expression vectors suitable for use in bacteria such as Listeria are known to 

those skill in the art. There are a variety of suitable vectors suitable for use as a plasmid 
construct backbone for assembly of the expression cassettes. A particular plasmid construct 
backbone is selected based on whether expression of the polynucleotide (i.e., a 
polynucleotide encoding a heterologous antigen) from the bacterial chromosome or from an 
extra-chromosomal episome is desired. 

[0248] In some embodiments, incorporation of the expression cassette (and/or 

recombinant nucleic acid molecule) into the bacterial chromosome of Listeria monocytogenes 
(Listeria) is accomplished with an integration vector that contains an expression cassette for a 
listeriophage integrase that catalyzes sequence-specific integration of the vector into the 
Listeria chromosome. For example, the integration vectors known as pPLl and pPL2 
program stable single-copy integration of a heterologous protein expression cassette within 
an innocuous region of the bacterial genome, and have been described in the literature (Lauer 
et. al.2002 J. Bacteriol. 184:4177-4178; U.S. Patent Publication No. 20030203472). The 
integration vectors are stable as plasmids in E. coli and are introduced via conjugation into 
the desired Listeria background. Each vector lacks a Zwterfa-specific origin of replication 
and encodes a phage integrase, such that the vectors are stable only upon integration into a 
chromosomal phage attachment site. Starting with a desired plasmid construct, the process of 
generating a recombinant Listeria strain expressing a desired protein(s) takes approximately 
one week. The pPLl and pPL2 integration vectors are based, respectively, on the Ul 53 and 
PSA iisteriophages. The pPLl vector integrates within the open reading frame of the comK 
gene, while pPL2 integrates within the tRNAArg gene in such a manner that the native 
sequence of the gene is restored upon successful integration, thus keeping its native expressed 
function intact. The pPLl and pPL2 integration vectors contain a multiple cloning site 
sequence in order to facilitate construction of plasmids containing a recombinant nucleic acid 
molecule or an expression cassette such as the heterologous protein expression cassette. 
Some specific examples of the use of the pPL2 integration vector are described in Example 2 
and Example 3, below. 

[0249] Alternatively, incorporation of the expression cassette (and/or recombinant 

nucleic acid molecule) into the Listeria chromosome can be accomplished through allelic 
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exchange methods, known to those skilled in the art. In particular, compositions in which it 
is desired to not incorporate a gene encoding an antibiotic resistance protein as part of the 
construct containing the expression cassette, methods of allelic exchange are desirable. For 
example, the pKSV7 vector (Camilli et. al. Mol Microbiol (1993) 8,143-157), contains a 
temperature-sensitive Listeria Gram-positive replication origin which is exploited to select 
for recombinant clones at the non-permissive temperature that represent the pKSV7 plasmid 
recombined into the Listeria chromosome. The pKSV7 allelic exchange plasmid vector 
contains a multiple cloning site sequence in order to facilitate construction of plasmids 
containing the protein expression cassette, and also a chloramphenicol resistance gene. Fox 
insertion into the Listeria chromosome, the expression cassette construct may be flanked by 
approximately 1 kb of chromosomal DNA sequence that corresponds to the precise location 
of desired integration. The pKSV7-expression cassette plasmid may be introduced into a 
desired bacterial strain by electroporation, according to standard methods for electroporation 
of Gram positive bacteria, A non-limiting example of a method of effecting allelic exchange 
using the pKSV7 vector is provided in Example 16 below. 

[0250] In other embodiments, it may be desired to express the polypeptide (including 

a fusion protein comprising a polypeptide) from a stable plasmid episome. Maintenance of 
the plasmid episome through passaging for multiple generations requires the co-expression of 
a protein that confers a selective advantage for the plasmid-containing bacterium. As non- 
limiting examples, the protein co-expressed from the plasmid in combination with the 
polypeptide may be an antibiotic resistance protein, for example chloramphenicol, or may "be 
a bacterial protein (that is expressed from the chromosome in wild-type bacteria), that can 
also confer a selective advantage. Non-limiting examples of bacterial proteins include 
enzyme required for purine or amino acid biosynthesis (selected using defined media lacking 
relevant amino acids or other necessary precursor macromolecules), or a transcription factor 
required for the expression of genes that confer a selective advantage in vitro or in vivo 
(Gunn et. al. 2001 J. Immuol. 167:6471-6479). As a non-limiting example, pAM401 is a 
suitable plasmid for episomal expression of a selected polypeptide in diverse Gram-positive 
bacterial genera (Wirth et al. 1986 J. Bacteriol 165:831-836). For further description of 
exemplary uses of pAM401, see Examples 3 and 13, below. 

[0251J Incorporation of the expression cassette into the bacterial chromosome of B. 

anthracis can, for instance, be accomplished with an integration vector that contains an 
expression cassette for a phage integrase that catalyzes sequence-specific integration of the 
vector into the B. anthracis chromosome. The integrase and attachment site of a B. anthracis 
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phage can be used to derive an integration vector, to incorporate desired antigen expression 
cassettes into the vaccine composition. As a non-limiting example, the integrase and 
attachment site from the B. anthracis temperate phage w-alpha is used to derive a B. 
anthracis specific integration vector (McCloy, E.W. 1951. Studies on a lysogenic Bacillus 
stain. I. A bacteriophage specific for Bacillus anthracis. J. Hyg. 49:114-125). 
[0252] Alternatively, incorporation of an antigen expression cassette into the B, 

anthracis chromosome can be accomplished through allelic exchange methods, known to 
those skilled in the art. See, e.g., Gat et aL, Infect Immun,J\ :801-13 (2003). In particular, 
compositions in which it is desired to not incorporate a gene encoding an antibiotic resistance 
protein as part of the construct containing the expression cassette, methods of allelic 
exchange are desirable. For example, the pKSV7 vector (Camilli et. aL Mol Microbiol 
1993 8,143-157), contains a temperature-sensitive Listeria-derived Gram positive replication 
origin which is exploited to select for recombinant clones at the non-permissive temperature 
that represent the pKSV7 plasmid recombined into the bacterial chromosome. The pKSV7 
allelic exchange plasmid vector contains a multiple cloning site sequence in order to facilitate 
construction of plasmids containing the expression cassette, and also a chloramphenicol 
resistance gene. For insertion into the Bacillus anthracis chromosome, the expression 
cassette construct may be flanked by approximately 1 kb of chromosomal DNA sequence that 
corresponds to the precise location of desired integration. The pKSV7-expression cassette 
plasmid may be introduced into a desired bacterial strain by electroporation, according to 
standard methods for electroporation of Gram positive bacteria. A non-limiting example of a 
method of effecting allelic exchange in B. anthracis is provided in U.S. patent application 
Serial No. 10/883,599, incorporated by reference herein in its entirety. In particular, allelic 
exchange using the pKS V7 vector can be used in strains of B. anthracis to add a desired 
antigen expression cassette at any desired location within the bacterial chromosome. 
[0253] The allelic exchange methods described above using pKSV7 are broadly 

applicable to use in gram positive bacteria. In addition, a variety of expression vectors useful 
in bacteria, including recombinant bacterial vectors, are known to those of ordinary skill in 
the art. Examples include those vectors described in the following references, each of which 
is incorporated by reference herein in its entirety: Horwitz et aL, Proc. Natl Acad. Set USA, 
97:13853-8 (2000); Garmory et aL, DrugTarget, 11:471-9(2003); Kang et aL, FEMS 
Immunol Med Microbiol, 37:99404 (2003); Garmory et aL, Vaccine, 21:3051-7 (2003); 
Kang et aL, Infect Immun., 1739-49 (2002); Russman, et aL, 1 Immunol, 167:357-65 (2001); 
Harth et aL, Microbiology, 150:2143-51 (2004); Varaldo et aL, Infect Immun., 72:3336-43 
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(2004); Goonetilleke et al., J. Immunol, 171:1602-9 (2003); Uno-Furuta et al., Vaccine, 
21:3149-56 (2003); Biet et al., Infect. Immun., 71:2933-7 (2003); Bao et al., Infect Immun., 
71:1656-61 (2003); Kawahara et al, Clin. Immunol, 105:326-31 (2002); Anderson et al., 
Vaccine, 18:2193-202 (2000); Bumann, Infect Immun., 69:7493-500 (2001); Wang et al., 
Vaccine, 17:1-12 (1999); McSorley et al., Infect Immun., 65:171-8 (1997); Gat et al., Infect 
Immun., 71:801-13 (2003); U.S. Patent No. 5,504,005; U.S. Patent No. 5,830,702; U.S. 
Patent No. 6,051,237; US Patent Publication No. 2002/0025323; US Patent Publication No. 
2003/0202985; WO 04/062597; US Patent No. 6,566,121; and U.S. Patent No. 6,270,776. 
[0254] The invention further provides expression vectors comprising expression 

cassettes comprising the following: (a) a first polynucleotide encoding a first signal peptide; 
(b) a second polynucleotide encoding a first polypeptide, wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide; (c) an intergenic 
sequence; (d) a third polynucleotide encoding a second signal peptide; (e) a fourth 
polynucleotide encoding a second polypeptide, wherein the fourth polynucleotide is in the 
same translational reading frame as the third polynucleotide; and (f) a promoter operably 
linked to the first polynucleotide, second polynucleotide, third polynucleotide, fourth 
polynucleotide, and intergenic sequence, such that the expression cassette encodes both a first 
fusion protein comprising the first signal peptide and the first polypeptide and a second 
fusion protein comprising the second signal peptide and second polypeptide. 
[0255] The invention further provides methods of using any of the expression vectors 

described herein to produce a recombinant bacterium (e.g. a recombinant Listeria bacterium). 
In some embodiments, the method of using an expression vector described herein to make a 
recombinant bacterium comprises introducing the expression vector into a bacterium. 

Vni. Bacteria and other host cells 

[0256] The invention further provides host cells comprising the recombinant nucleic 

acid molecules, expression cassettes, and/or vectors described herein (see, e.g., the Summary 
of the Invention and Sections I, II, VI, and VII of the Detailed Description, above, as well as 
the specific Examples below). In some embodiments, the cells, are prokaryotic. In some 
embodiments, the cells are eukaryotic. In some embodiments, the cells are mammalian. In 
some embodiments, the cells are antigen-presenting cells, such as dendritic cells. In some 
embodiments, the cells are bacterial cells. In some embodiments, the host cells are isolated. 
[0257] For example, the invention provides bacteria comprising the recombinant 

nucleic acid molecules, expression cassettes, and/or the vectors described herein (see, e.g., 
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Summary of the Invention and Sections I, II, VI, and VII of the Detailed Description, above, 
as well as the specific examples below). The bacteria comprising these polynucleotides are 
alternatively referred to herein as "recombinant bacteria," and a bacterium comprising a 
recombinant nucleic acid molecule, expression cassette, or vector described herein is 
alternatively referred to herein as "a recombinant bacterium." In some embodiments, the 
bacteria comprising the recombinant nucleic acid molecules, expression cassettes, and/or 
expression vectors are isolated. In some embodiments, the recombinant bacteria comprising 
the recombinant nucleic acid molecules, expression cassettes, and/or expression vectors 
express the polypeptides or fusion proteins encoded by the recombinant nucleic acid 
molecules, expression cassettes, and/or expression vectors contained therein. In some 
embodiments, the recombinant bacteria secrete the polypeptides or fusion proteins encoded 
by the recombinant nucleic acid molecules, expression cassettes, and/or expression vectors 
contained therein. In some embodiments, the recombinant bacteria express and secrete the 
polypeptides and/or fusion proteins in an amount sufficient to generate an immune response 
in a host upon administration of the bacteria (or a composition comprising the bacteria) to a 
host (e.g., a human subject). 

[0258] In some embodiments, the bacteria are selected from the group consisting of 

gram positive bacteria, Gram negative bacteria, intracellular bacteria and mycobacteria. In 
some embodiments, the bacteria are gram positive bacteria. In some embodiments of the 
invention, the bacteria are intracellular bacteria (e.g., facultative intracellular bacteria). In 
some embodiments the bacteria belong to the genus Listeria. In other embodiments, the 
bacteria are members of the species Listeria monocytogenes. In some other embodiments the 
bacteria are members of the Listeria ivanovii, Listeria seeligeri, or Listeria innocua species. 
In some embodiments, the bacteria are members of the genus Bacillus. In another 
embodiment, the bacteria are Bacillus anthracis. In still another embodiment, the bacteria are 
Yersinia pestis. In other embodiments of the invention, the bacteria are from the genus 
Salmonella. In some embodiments, the bacteria are Salmonella typhimurium. In some 
embodiments, the bacteria belong to the genus Shigella. For instance, in some embodiments, 
the bacteria are Shigella flexneri. In some embodiments, the bacteria are members of the 
genus Brucella. In an alternative embodiment, the bacteria are mycobacteria. The 
mycobacteria is optionally a member of the species Mycobacterium tuberculosis. In some 
embodiments, the bacteria are Bacillus Calmette-Guerin (BCG). In some embodiments, the 
bacteria are E. coli 9 for instance, an E. coli which has been modified to express Listeriolysin 
O (LLO). Accordingly, in some embodiments, the bacteria comprising the recombinant 
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nucleic acid molecules, expression cassettes, and/or vectors described herein are selected 
from the group consisting of Listeria, Bacillus anthracis, Yersinia pestis, Salmonella, and 
mycobacteria. In some other embodiments, the bacteria comprising the recombinant nucleic 
acid molecules, expression cassettes, and/or vectors described herein are selected from the 
group consisting of Listeria, Bacillus, Yersinia pestis, Salmonella, Shigella, Brucella, 
mycobacteria and E. coli. 

[0259] In some embodiments, the bacteria of the invention that are modified through 

the insertion of the recombinant nucleic acid molecules, expression cassettes, and/or vectors 
described herein (e.g., see the Summary of the Invention, Sections I, II, VI, and VII of the 
Detailed Description, above, and the Examples, below) to express polypeptides, and, in at 
least some embodiments, secrete the polypeptides, are wild-type bacteria. For instance, in 
some embodiments, the recombinant bacterium is a wild-type Listeria bacterium, such as a 
Listeria monocytogenes bacterium, which comprises the recombinant nucleic acid molecule, 
expression cassette, and/or vector. However, in some embodiments of the invention, the 
bacteria comprising the expression cassettes and/or vectors is a mutant strain of the bacteria. 
In some embodiments, the bacteria are attenuated. In some embodiments, the bacteria are an 
attenuated mutant strain of bacteria. A mutant in which a gene "xyz" has been deleted is 
alternatively referred to herein as bxyz or xyz' or an xyz deletion mutant. For instance, a 
bacterial strain in which the uvrA gene has been deleted is alternatively referred to herein as 
uvrA mutant, buvrA, or uvrA'. In addition, it will be understood by one of ordinary skill in 
the art that a reference to a particular mutant or strain as an "xyz" mutant or "xyz" strain will 
sometimes refer to a mutant or strain in which the xyz gene has been deleted. 
[0260] The mutation in a mutant bacterium comprising the expression cassettes 

and/or expression vectors may be a mutation of any type. For instance, the mutation may 
constitute a point mutation, a frame-shift mutation, an insertion, a deletion of part or all of a 
gene. In addition, in some embodiments of the modified strains, a portion of the bacterial 
genome has been replaced with a heterologous polynucleotide. In some embodiments, the 
mutations are naturally-occurring. In other embodiments, the mutations are the results of 
artificial mutation pressure. In still other embodiments, the mutations in the bacterial genome 
are the result of genetic engineering. 

[0261] In some embodiments, the bacteria comprising any one of the recombinant 

nucleic acid molecules, expression cassettes and/or vectors described herein are attenuated 
for cell-to-cell spread, entry into non-phagocytic cells, or proliferation (relative to the wild- 
type bacteria). The bacteria may be attenuated by mutation or by other modifications. In 
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some embodiments, the bacteria comprising any one of the recombinant nucleic acid 
molecules, expression cassettes and/or expression vectors described herein are attenuated for 
cell-to-cell spread (e.g., Listeria monocytogenes actA mutants). In some embodiments, the 
bacteria comprising any one of the recombinant nucleic acid molecules, expression cassettes 
and/or expression vectors described herein are attenuated for entry into non-phagocytic cells 
(e.g., Listeria monocytogenes internalin mutants, such as inlB deletion mutants). In some 
embodiments, the bacteria comprising any one of the recombinant nucleic acid molecules, 
expression cassettes and/or expression vectors described herein are attenuated for 
proliferation. In some embodiments, the bacteria are attenuated both for cell-to-cell spread 
and for entry into non-phagocytic cells. 

[0262] In some embodiments, the bacteria comprising the expression cassettes and/or 

expression vectors described herein are attenuated for ceil-to-cell spread. In some 
embodiments, the bacteria (e.g., Listeria) are defective with respect to ActA (relative to the 
non-mutant or wildtype bacteria), or its equivalent (depending on the organism). In some 
embodiments, the bacteria comprise one or more mutation in actA, For instance, the 
bacterium (e.g., Listeria) may be an actA deletion mutant. ActA is the actin polymerase 
encoded by the actA gene (Kocks, et al., Cell 68:521-531 (1992); Genbank accession no. 
AL59 1 974, nts 9456-1 1 3 89). The actin polymerase protein is involved in the recruitment and 
polymerization of host F-actin at one pole of the Listeria bacterium. Subsequent 
polymerization and dissolution of actin results in Listeria propulsion throughout the cytosol 
and into neighboring cells. This mobility enables the bacteria to spread directly from cell-to- 
cell without further exposure to the extracellular environment, thus escaping host defenses 
such as antibody development. In some embodiments, the attenuated Listeria optionally 
comprises both a mutation in an internalin gene, such as inlB, and in actA. The Listeria strain 
of this embodiment of the present invention is attenuated for entry into non-phagocytic cells 
as well as attenuated for cell-to-cell spreading. 

[0263] In some embodiments, the capacity of the attenuated bacterium for cell-to-cell 

spread is reduced by at least about 10%, at least about 25%, at least about 50%, at least about 
75%, or at least about 90%, relative to a bacterium without the attenuating mutation (e.g., the 
wild type barterium). In some embodiments, the capacity of the attenuated bacterium for 
cell-to-cell spread is reduced by at least about 25% relative to a bacterium without the 
attenuating mutation. In some embodiments, the capacity of the attenuated bacterium 
attenuated for cell-to-cell spread is reduced by at least about 50% relative to a bacterium 
without the attenuating mutation. 
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[0264] In vitro assays for determining whether or not a bacterium such as a Listeria 

bacterium is attenuated for cell-to-cell spread are known to those of ordinary skill in the art. 
For example, the diameter of plaques formed over a time course after infection of selected 
cultured cell monolayers can be measured. Plaque assays within L2 cell monolayers can be 
performed as described previously in Sun, A., A. Camilli, and D.A. Portnoy. 1990, Isolation 
of Listeria monocytogenes small-plaque mutants defective for intracellular growth and cell- 
to-cell spread. Infect Immun. 58:3770-3778, with modifications to the methods of 
measurement, as described by in Skoble, J., DA. Portnoy, and MLD. Welch. 2000, Three 
regions within ActA promote Arp2/3 complex-mediated actin nucleation and Listeria 
monocytogenes motility. J. Cell Biol 150:527-538. In brief, L2 cells are grown to 
confluency in six-well tissue culture dishes and then infected with bacteria for 1 h. Following 
infection, the cells are overlayed with media warmed to 40°C that is comprised of DME 
containing 0.8% agarose, Fetal Bovine Serum (e.g., 2%), and a desired concentration of 
Gentamicin. The concentration of Gentamicin in the media dramatically affects plaque size, 
and is a measure of the ability of a selected Listeria strain to effect cell-to-cell spread 
(Glomski, I J., M. M. Gedde, A. W. Tsang, J. A. Swanson, and D. A. Portnoy. 2002. J, Cell 
Biol 156:1029-1038). For example, at 3 days following infection of the monolayer the 
plaque size of Listeria strains having a phenotype of defective cell-to-cell spread is reduced 
by at least 50% as compared to wild-type Listeria, when overlayed with media containing 
Gentamicin at a concentration of 50 ng/ml. On the otherhand, the plaque size between 
Listeria strains having a phenotype of defective cell-to-cell spread and wild-type Listeria is 
similar, when infected monolayers are overlayed with media + agarose containing only 5 
Hg/ml gentamicin. Thus, the relative ability of a selected strain to effect cell-to-cell spread in 
an infected cell monolayer relative to wild-type Listeria can be determined by varying the 
concentration of gentamicin in the media containing agarose. Optionally, visualization and 
measurement of plaque diameter can be facilitated by the addition of media containing 
Neutral Red (GIBCO BRL; 1 :250 dilution in DME + agarose media) to the overlay at 48 h. 
post infection. Additionally, the plaque assay can be performed in monolayers derived from 
other primary cells or continuous cells. For example HepG2 cells, a hepatocyte-derived cell 
line, or primary human hepatocytes can be used to evaluate the ability of selected Listeria 
mutants to effect cell-to-cell spread, as compared to wild-type Listeria. In some 
embodiments, Listeria comprising mutations or other modifications that attenuate the Listeria 
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for cell-to-cell spread produce "pinpoint" plaques at high concentrations of gentamicin (about 
50 jig/ml). 

[0265] In some embodiments, the bacteria comprising the expression cassettes and/or 

expression vectors described herein are mutant bacteria that are attenuated for nucleic acid 
repair (relative to wildtype such as bacteria without the attenuating genetic mutation). For 
instance, in some embodiments, the bacteria are defective with respect to at least one DNA 
repair enzyme (e.g., Listeria monocytogenes uvrAB mutants). In some embodiments, the 
bacteria are defective with respect to PhrB, UvrA, UvrB, UvrC, UvrD, and/or RecA, or one 
of their equivalents (depending on the genus and species of the bacteria). In some 
embodiments, the bacteria are defective with respect to UvrA, UvrB, and/or UvrC. In some 
embodiments, the bacteria comprise attenuating mutations in phrB, uvrA, uvrB, uvrC, uvrD, 
and/or recA genes. In some embodiments, the bacteria comprise one or more mutations in the 
uvrA, uvrB, and/or uvrC genes. In some embodiments, the bacteria are functionally deleted 
in UvrA, UvrB, and/or UvrC. In some embodiments, the bacteria are deleted in functional 
UvrA and UvrB. In some embodiments, the bacteria are uvrAB deletion mutants. In some 
embodiments, the bacteria are AuvrABAzctA mutants. In some embodiments, the nucleic 
acid of the bacteia which are attenuated for nucleic acid repair and/or are defective with 
respect to at least one DNA repair enzyme are modified by reaction with a nucleic acid 
targeting compound (see below). Nucleic acid repair mutants, such as kuvrAB Listeria 
monocytogenes mutants, and methods of making the mutants, are described in detail in U.S. 
Patent Publication No. 2004/0197343 (see, e.g., Example 7 of U.S. 2004/0197343). 
[0266] In some embodiments, the capacity of the attenuated bacterium for nucleic 

acid repair is reduced by at least about 10%, at least about 25%, at least about 50%, at least 
about 75%, or at least about 90%, relative to a bacterium without the attenuating mutation 
(e.g., the wild type bacterium). In some embodiments, the capacity of the attenuated 
bacterium for nucleic acid repair is reduced by at least about 25% relative a bacterium 
without the attenuating mutation. In some embodiments, the capacity of the attenuated 
bacterium attenuated for nucleic acid repair is reduced by at least about 50% relative a 
bacterium without the attenuating mutation. 

[0267] Confirmation that a particular mutation is present in a bacterial strain can be 

obtained through a variety of methods known to those of ordinary skill in the art. For 
instance, the relevant portion of the strain's genome can be cloned and sequenced. 
Alternatively, specific mutations can be identified via PCR using paired primers that code for 
regions adjacent to a deletion or other mutation. Southern blots can also be used to detect 
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changes in the bacterial genome. Also, one can analyze whether a particular protein is 
expressed by the strain using techniques standard to the art such as Western blotting. 
Confirmation that the strain contains a mutation in the desired gene may also be obtained 
through comparison of the phenotype of the strain with a previously reported phenotype. For 
example, the presence of a nucleotide excision repair mutation such as deletion of uvrAB can 
be assessed using an assay which tests the ability of the bacteria to repair its nucleic acid 
using the nucleotide excision repair (NER) machinery and comparing that ability against 
wild-type bacteria. Such functional assays are known in the art. For instance, cyclobutane 
dimer excision or the excision of UV-induced (6-4) products can be measured to determine a 
deficiency in an NER enzyme in the mutant (see, e.g., Franklin et al., Proc. Natl Acad Scu 
USA, 81: 3821-3824 (1984)). Alternatively, survival measurements can be made to assess a 
deficiency in nucleic acid repair. For instance, the bacteria can be subjected to psoralen/UVA 
treatment and then assessed for their ability to proliferate and/or survive in comparison to 
wild-type. 

[0268] In some embodiments, the bacterium is attenuated for entry into non- 

phagocytic cells (relative or a non-mutant or wildtype bacterium). In some embodiments, the 
bacterium (t.g.,.Listeria) is defective with respect to one or more internalins (or equivalents). 
In some embodiments, the bacterium is defective with respect to internalin A. In some 
embodiments, the bacterium is defective with respect to internalin B. In some embodiments, 
the bacterium comprises a mutation in inlA. In some embodiments, the bacterium comprises a 
mutation in MB. In some embodiments, the bacterium comprises a mutation in both actA 
and MB. In some embodiments, the bacterium is deleted in functional ActA and internalinB. 
In some embodiments, the bacterium is an AactAAMB double deletion mutant. In some 
embodiments, the bacterium is defective with respect to both ActA and internalin B. 
[0269] In some embodiments, the capacity of the attenuated bacterium for entry into 

non-phagocytic cells is reduced by at least about 10%, at least about 25%, at least about 50%, 
at least about 75%, or at least about 90%, relative to a bacterium without the attenuating 
mutation (e.g., the wild type bacterium). In some embodiments, the capacity of the 
attenuated bacterium for entry into non-phagocytic cells is reduced by at least about 25% 
relative to a bacterium without the attenuating mutation. In some embodiments, the capacity 
of the attenuated bacterium for entry into non-phagocytic cells is reduced by at least about 
50% relative to a bacterium without the attenuating mutation. In some embodiments, the 
capacity of the attenuated bacterium for entry into non-phagocytic cells is reduced by at least 
about 75% relative to a bacterium without the attenuating mutation. 
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[0270] In some embodiments, the attenuated bacteria, such as a mutant Listeria strain, 

are not attenuated for entry into more than one type of non-phagocytic cell. For instance, the 
attenuated strain may be attenuated for entry into hepatocytes, but not attenuated for entry 
into epithelial cells. As another example, the attenuated strain may be attenuated for entry 
into epithelial cells, but not hepatocytes. It is also understood that attenuation for entry into a 
non-phagocytic cell of particular modified bacteria is a result of mutating a designated gene, 
for example a deletion mutation, encoding an invasin protein which interacts with a particular 
cellular receptor, and as a result facilitates infection of a non-phagocytic cell. For example, 
Listeria AinlB mutant strains are attenuated for entry into non-phagocytic cells expressing the 
hepatocyte growth factor receptor (c-met), including hepatocyte cell lines (e.g., HepG2), and 
primary human hepatocytes. 

[0271] In some embodiments, even though the bacteria (e.g., mutant Listeria) are 

attenuated for entry into non-phagocytic cells, the Listeria are still capable of uptake by 
phagocytic cells, such as at least dendritic cells and/or macrophages. In one embodiment the 
ability of the attenuated bacteria to enter phagocytic cells is not diminished by the 
modification made to the strain, such as the mutation of an invasin (i.e. approximately 95% or 
more of the measured ability of the strain to be taken up by phagocytic cells is maintained 
post-modification). In other embodiments, the ability of the attenuated bacteria to enter 
phagocytic cells is diminished by no more than about 10%, no more than about 25%, no more 
than about 50%, or no more than about 75%. 

[0272] In some embodiments of the invention, the amount of attenuation in the ability 

of the bacterium (e.g., a Listeria bacterium) to enter non-phagocytic cells ranges from a two- 
fold reduction to much greater levels of attenuation. In some embodiments, the attenuation in 
the ability of the bacteria to enter non-phagocytic cells is at least about 0.3 log, about 1 log, 
about 2 log, about 3 log, about 4 log, about 5 log, or at least about 6 log. In some 
embodiments, the attenuation is in the range of about 0.3 to > 8 log, about 2 to >8 log, about 
4 to >8 log, about 6 to >8 log, about 0.3-8 log, also about 0.3-7 log, also about 0.3-6 log, also 
about 0.3-5 log, also about 0.3-4 log, also about 0.3-3 log, also about 0.3-2 log, also about 
0.3-1 log. In some embodiments, the attenuation is in the range of about 1 to >8 log, 1-7 log, 
1-6 log, also about 2-6 log, also about 2-5 log, also about 3-5 log. 

[0273] A number of internalins have been identified in L. monocytogenes (Boland, et 

al., Clinical Microbiology Reviews, 2001, 14: 584-640). These internalins include, but are not 
limited to, InlA, InlB, InlC, InlC2, InlD, InlE, InlF, InlG, and InlH (Dramsi, et al., Infection 
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and Immunity, 65: 1615-1625 (1997);Raffelsbaueretal.,M?/. Gen. Genet 260:144-158 
(1988)). The gene sequences encoding these proteins have been previously reported For 
instance, the sequences for both inlA and MB have been reported in Gaillard et al., Cell, 
65:1127-1141 (1991) and as GenBank accession number M67471. Genes encoding 
additional members of the internalin-related protein family are identified in Web Table 2 of 
the Supplementary Web material of Glaser et al., Science, 294:849-852 (2001), 
(www.sciencemag.org/cgi/content/full/294/5543/849/DCl), including lmo0327, lmo0331, 
lmo0514, lmo0610, lmo0732, lmoll36, lmo!289, lmo2396, lmo0171, lmo0333 9 lmo0801, 
lmol290, lmo2026, and lmo2821. (The sequences of each member of the internalin-related 
protein family can be found in the L. monocytogenes strain EGD genome, GenBank 
Accession no. AL591824, and/or in the L monocytogenes strain EGD-e genome, GenBank 
Accession no. NC_003210. Locations of the various internalin-related genes are indicated in 
Glaser et al.). 

[0274] InlA (internalin A) (Gaillard et al., Cell, 65:1 127-1 141 (1991); Genbank 

accession no. NCJ)0321 0) directs the uptake of Listeria by epithelial cells such as those of 
the intestines. 

[0275] InlB (internalin B) (Gaillard et al., Cell, 65:1 127-1 141 (1991); Genbank 

accession number AL591 975 (Listeria monocytogenes strain EGD, complete genome, 
segment 3/12, inlB gene region: nts. 97008-98963); and Genbank accession number 
NC_003210 (Listeria monocytogenes strain EGD, complete genome, inlB gene region: nts. 
457008-458963), each of which is incorporated by reference herein in its entirety) directs the 
uptake of Listeria by hepatocytes or by endothelial cells such as the vascular endothelial cells 
of the brain microvasculature that comprise the blood brain barrier. (For further descriptions 
of internalin B, see Ireton, et al., J. of Biological Chemistry, 274: 17025-17032 (1999); 
Dramsi, et al., Molecular Microbiology 16:251-261 (1995); Mansell et al., 7. of Biological 
Chemistry, 276: 43597-43603 (2001); and Bierne et al., J. of Cell Science 1 15:3357-3367 
(2002), all of which are incorporated by reference herein in their entirety.) 
[0276] In some embodiments, the bacterium is deficient with respect to ActA, 

internalin B, or both Act A and internalin B. In some embodiments, the bacterium is deleted 
in functional ActA, internalin B, or both ActA and internalin B. In some embodiments, the 
bacterium is deleted in functional ActA. In some embodiments, the bacterium is deleted in 
functional internalin B. In some embodiments, the bacterium is deleted in functional ActA 
and internalin B. 
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[0277] In vitro assays for determping whether or not a bacterium (e.g., a mutant 

Listeria strain) is attenuated for entry into non-phagocytic cells are known to those of 
ordinary skill in the art. For instance, both Dramsi et aL, Molecular Microbiology 1 6:25 1 - 
261 (1995) and Gaillard et aL, Cell 65:1 127-1 141 (1991) describe assays for screening the 
ability of mutant L. monocytogenes strains to enter certain cell lines. For instance, to 
determine whether a Listeria bacterium with a particular modification is attenuated for entry 
into a particular type of non-phagocytic cells, the ability of the attenuated Listeria bacterium 
to enter a particular type of non-phagocytic cell is determined and compared to the ability of 
the identical Listeria bacterium without the modification to enter non-phagocytic cells. 
Likewise, to determine whether a Listeria strain with a particular mutation is attenuated for 
entry into a particular type of non-phagocytic cells, the ability of the mutant Listeria strain to 
enter a particular type of non-phagocytic cell is determined and compared to the ability of the 
Listeria strain without the mutation to enter non-phagocytic cells. In addition, confirmation 
that the strain is defective with respect to internalin B may also be obtained through 
comparison of the phenotype of the strain with the previously reported phenotypes for 
internalin B mutants. 

[0278] In some embodiments, the attenuation of bacteria can be measured in terms of 

biological effects of the Listeria on a host. The pathogenicity of a bacterial strain can be 
assessed by measurement of the LD50 in mice or other vertebrates. The LD50 is the amount, 
or dosage, of Listeria injected into vertebrates necessary to cause death in 50% of the 
vertebrates. The LD50 values can be compared for bacteria having a particular modification 
(e.g., mutation) versus the bacteria without the particular modification as a measure of the 
level of attenuation. For example, if the bacterial strain without a particular mutation has an 
LD50 of 1 0 3 bacteria and the bacterial strain having the particular mutation has an LD50 of 1 0 5 
bacteria, the strain has been attenuated so that is LD50 is increased 100-fold or by 2 log. 
[0279] Alternatively, the degree of attenuation of the ability of a bacterium (e.g., a 

Listeria bacterium) to infect non-phagocytic cells can be assessed much more directly in 
vitro. For instance, the ability of a modified Listeria bacterium to infect non-phagocytic 
cells, such as hepatocytes, can be compared to the ability of non-modified Listeria or wild 
type Listeria to infect phagocytic cells. In such an assay, the modified and non-modified 
Listeria are typically added to the non-phagocytic cells in vitro for a limited period of time 
(for instance, an hour), the cells are then washed with a gentamicin-containing solution to kill 
any extracellular bacteria, the cells are lysed and then plated to assess titer. Examples of 
such an assay are found in U.S. patent publication no. 2004/0228877. 
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[0280] As a further example, the degree of attenuation may also be measured 

qualitatively by other biological effects, such as the extent of tissue pathology or serum liver 
enzyme levels. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin 
and bilirubin levels in the serum are determined at a clinical laboratory for mice injected with 
Listeria (or other bacteria). Comparisons of these effects in mice or other vertebrates can be 
made for Listeria with and without particular modifications/mutations as a way to assess the 
attenuation of the Listeria. Attenuation of the Listeria may also be measured by tissue 
pathology. The amount of Listeria that can be recovered from various tissues of an infected 
vertebrate, such as the liver, spleen and nervous system, can also be used as a measure of the 
level of attenuation by comparing these values in vertebrates injected with mutant versus 
non-mutant Listeria. For instance, the amount of Listeria that can be recovered from infected 
tissues such as liver or spleen as a function of time can be used as a measure of attenuation by 
comparing these values in mice injected with mutant vs. non-mutant Listeria. 
[0281] Accordingly, the attenuation of the Listeria can be measured in terms of 

bacterial load in particular selected organs in mice known to be targets by wild-type Listeria. 
For example, the attenuation of the Listeria can be measured by enumerating the colonies 
(Colony Forming Units; CFU) arising from plating dilutions of liver or spleen homogenates 
(homogenized in H2O + 0.2% NP40) on BHI agar media. The liver or spleen cfu can be 
measured, for example, over a time course following administration of the modified Listeria 
via any number of routes, including intravenous, intraperitoneal, intramuscular, and 
subcutaneous. Additionally, the Listeria can be measured and compared to a drug-resistant, 
wild type Listeria (or any other selected Listeria strain) in the liver and spleen (or any other 
selected organ) over a time course following administration by the competitive index assay, 
as described. 

[0282] The degree of attenuation in uptake of the attenuated bacteria by non- 

phagocytic cells need not be an absolute attenuation in order to provide a safe and effective 
vaccine. In some embodiments, the degree of attenuation is one that provides for a reduction 
in toxicity sufficient to prevent or reduce the symptoms of toxicity to levels that are not life 
threatening. 

[0283] In some embodiments of the invention, the bacterium that comprises a 

recombinant nucleic acid molecule, expression cassette and/or expression vector described 
herein is a mutant strain of Listeria. In further embodiments, the bacterium is an attenuated 
mutant strain of Listeria monocytogenes. A variety of exemplary mutant strains of Listeria 
that are attenuated are described in the U.S. Patent Application Nos. 60/446,051 (filed 
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February 6, 2003), 60/449,153 (filed February 21, 2003), 60/51 1,719 (filed October 15, 
2003), 60/511,919 (filed October 15, 2003), 60/51 1,869 (filed October 15, 2003), 60/541,515 
(filed February 2, 2004), and 10/883,599 (filed June 30, 2004), as well as in U.S. Patent 
Publication Nos. 2004/0197343 and US 2004/0228877, each of which is incorporated by 
reference herein in its entirety. Mutant strains of Listeria are also described in the 
International Application No. PCT/US2004/23881, filed July 23, 2004, which is incorporated 
by reference herein in its entirety. For instance, the bacterium that comprise the expression 
cassette and/or vector is optionally a mutant strain of Listeria monocytogenes that is defective 
with respect to ActA or internalin B, or both ActA and internalin B. In some embodiments, 
the bacterium is a mutant strain of Listeria monocytogenes that is actA (e.g., DP-L4029 (the 
DP-L3078 strain described in Skoble et al., J. of Cell Biology, 150: 527-537 (2000), 
incorporated by reference herein in its entirety, which has been cured of its prophage as 
described in (Lauer et al., J. Bacteriol, 184:4177 (2002); U.S. Patent Publication No. 
2003/0203472)), actAlnlB' (e.g., DP~L4029w/B, deposited with the American Type Culture 
Collection (ATCC), 10801 University Blvd., Manassas, Virginia 201 10-2209, United States 
of America, on October 3, 2003, under the provisions of the Budapest Treaty on the 
International Recognition of the Deposit of Microorganisms for the Purposes of Patent 
Procedure, and designated with accession number PTA-5562), actA'uvrAB" (e.g., DP- 
L4029wvr^B, deposited with the American Type Culture Collection (ATCC), 10801 
University Blvd., Manassas, Virginia 201 10-2209, United States of America, on October 3, 
2003, under the provisions of the Budapest Treaty on the International Recognition of the 
Deposit of Microorganisms for the Purposes of Patent Procedure, and designated with 
accession number PTA-5563), or actA'inlKKvrAB\ In some embodiments, the attenuated 
Listeria bacterium (e.g., a Listeria monocytogenes bacterium) is an ISactAtainlB double 
deletion mutant. 

[0284] Bacterial mutations can be achieved through traditional mutagenic methods, 

such as mutagenic chemicals or radiation followed by selection of mutants. Bacterial 
mutations can also be achieved by one of skill in the art through recombinant DNA 
technology. For instance, the method of allelic exchange using the pKSV7 vector described 
in Camilli et al., Molecular Micro. 8:143-157 (1993) and described above with respect to the 
introduction of heterologous expression cassettes in bacterial genomes is suitable for use in 
generating mutants including deletion mutants. (Camilli et al. (1993) is incorporated by 
reference herein in its entirety.) One exemplary example of the production of a Listeria 
monocytogenes internalin B mutant using the pKSV7 vector is provided in Example 24, 
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below. Alternatively, the gene replacement protocol described in Biswas et al., */. Bacteriol 
175:3628-3635 (1993), can be used. Other similar methods are known to those of ordinary 
skill in the art. 

[0285] The construction of a variety of bacterial mutants is described in U.S. patent 

application Serial No. 10/883,599, U.S. Patent Publication No. 2004/0197343, and U.S. 
Patent Publication no. 2004/0228877, each of which is incorporated by reference herein in its 
entirety. 

[0286] In some embodiments of the invention, the bacterium that comprises the 

recombinant nucleic acid molecule, expression cassette and/or expression vector is a mutant 
strain of Bacillus anthracis. In some embodiments, the bacterium is the Sterne strain. In 
some embodiments, the bacterium is the Ames strain. In some embodiments, the Bacillus 
anthracis bacterium is a uvrAB mutant. In some embodiments, the Bacillus anthracis strain 
is a uvrC mutant. In some embodiments, the Bacillus anthracis mutant is a recA mutant. In 
some embodiments, the bacterium is zAuvrAB mutant of the Bacillus anthracis (e.g., the 
Bacillus anthracis Sterne AuvrAB mutant deposited with the American Type Culture 
Collection (ATCC), 10801 1 University Blvd:, Manassas, Virginia 201 10-2209, United States 
of America, on February 20, 2004, under the provisions of the Budapest Treaty on the 
International Recognition of the Deposit of Microorganisms for the Purposes of Patent 
Procedure, and designated with accession number PTA-5825). 

[0287] Methods of altering the genome of Bacillus anthracis are known to those 

skilled in the art. One method of generating mutations in Bacillus anthracis is by allelic 
exchange using an allelic exchange vector known to those in the art. An exemplary allelic 
exchange plasmid is pKSV7 described in Camilli et al., Molecular Microbiology, 8:143-147 
(1993). As a first step in generating a mutant Bacillus anthracis, the region of the genome to 
be deleted or otherwise mutated and approximately 1000 bps both upstream and downstream 
of the B. anthracis genome is PCR-amplified and then cloned into the pKSV7 plasmid vector 
(or an analogous vector). (A Bacillus genera-specific or B. anthracis-specific temperature 
(ts) replicon may be substituted for the Listeria ts replicon present in the pKSV7 allelic 
exchange plasmid vector.) Restriction endonuclease recognition sites in the region to be 
deleted or mutated may be used to delete the desired portion of the targeted gene in the 
region. Alternatively, a portion of the targeted gene within the region may be removed and 
replaced with sequences containing the desired mutation or other alteration The region of 
the B. anthracis genome that is amplified can be altered, for instance, using restriction 
enzymes or a combination of restriction enzymes and synthetic gene sequences, before or 
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after cloning into the allelic exchange plasmid. In some embodiments, the sequence may be 
altered as a PCR amplicon and then cloned into pKSV7. In alternative embodiments, the 
amplicon is first inserted into another plasmid first and then altered, excised, and inserted into 
pKSV7. Alternatively, the PCR amplicon is inserted directly into the pKSV7 plasmid and 
then altered, for instance, using convenient restriction enzymes. The pKSV7 plasmid 
containing the altered sequence is then introduced into B. anthracis. This can be done via 
electroporation. The bacteria are then selected on media at a permissive temperature in the 
presence of chloramphenicol. This is followed by selection for single cross-over integration 
into the bacterial chromosome by passaging for multiple generations at a non-permissive 
temperature in the presence of chloramphenicol. Lastly, colonies are passaged for multiple 
generations at the permissive temperature in media not containing the antibiotic to achieve 
plasmid excision and curing (double cross-over). The U.S. Provisional Application Serial 
Nos. 60/584,886, and 60/599,522, and U.S. Patent Publication No. 2004/0197343, 
incorporated by reference herein in their entirety, provide additional description regarding the 
construction of different types of Bacillus anthracis mutants. 

[0288] ' In some embodiments of the invention, the bacterium that comprises the 
recombinant nucleic acid molecule, expression cassette, and/or expression vector is a 
bacterium that has been modified so that the bacterium is attenuated for proliferation (relative 
to the non-modified bacterium). Preferably, the modified bacterium maintains a sufficient 
level of gene expression despite the modification. For instance, in some embodiments the 
gene expression level is substantially unaffected by the modification so that an antigen is 
expressed at a level sufficient to stimulate an immune response to the antigen upon 
administration of the bacterium expressing the antigen to a host. In some embodiments, the 
nucleic acid of the bacterium has been modified by reaction with a nucleic acid targeting 
compound. In some embodiments, the nucleic acid of the modified bacterium has been 
modified by reaction with a nucleic acid targeting compound that reacts directly with the 
nucleic acid so that proliferation of the bacterium is attenuated. In some embodiments, the 
nucleic-acid targeting compound is a nucleic acid alkylator, such as p-alanine, N-(acridin-9- 
yl), 2-[bis(2-chloroethyl)amino]ethyl ester. In some embodiments, the nucleic acid targeting 
compound is activated by irradiation, such as UVA irradiation. In some embodiments, the 
bacterium has been treated with a psoralen compound. For instance, in some embodiments, 
the bacterium has been modified by treatment with a psoralen, such as 4'-(4-amino-2- 
oxa)butyl-4,5\8-trimethylpsoralen ("S-59"), and UVA light. In some embodiments, the 
nucleic acid of the bacterium has been modified by treatment with a psoralen compound and 
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UVA irradiation. Descriptions of methods of modifying bacteria to attenuate them for 
proliferation using nucleic acid targeting compounds are described in each of the following 
U.S. patent applications or publications, each of which is incorporated by reference herein in 
its entirety: 60/446,051 (filed February 6, 2003), 60/449,153 (filed February 21, 2003), 
60/490,089 (filed July 24, 2003), 60/511,869 (filed October 15, 2003), 60/541,515 (filed 
February 2, 2004), 10/883,599 (filed June 30, 2004), and US 2004/0197343. Modified 
bacteria and their uses are also described in International Application No. 
PCT/US2004/23881, filed July 23, 2004, incorporated by reference herein in its entirety. 
[0289] For example, for treatment of AactAAuvrAB L. monocytogenes, in some 

embodiments, S-59 psoralen can be added to 200 nM in a log-phase culture of 
(approximately) OD6oo = 0.5, followed by inactivation with 6 J/m 2 of UVA light when the 
culture reaches an optical density of one. Inactivation conditions are optimized by varying 
concentrations of S-59, UVA dose, the time of S-59 exposure prior to UVA treatment as well 
as varying the time of treatment during bacterial growth of the Listeria actA/uvrAB strain. 
The parental Listeria strain is used as a control. Inactivation of Listeria (log-kill) is 
determined by the inability of the bacteria to form colonies on BHI (Brain heart infusion) 
agar plates. In addition, one can confirm the expression of a heterologous protein and 
virulence factors, such as LLO and p60, of the S-59/UVA inactivated Listeria using 35 S- 
pulse-chase experiments to determine the synthesis and secretion of newly expressed proteins 
post S-59 / UVA inactivation. Expression of LLO and p60 using 35 S-metabolic labeling can 
be routinely determined. S-59/UVA inactivated Listeria actA/uvrAB can be incubated for 1 
hour in the presence of 35 S-Methionine. Antigen expression and secretion of the heterologous 
protein, endogenous LLO, and p60 can be determined of both whole cell lysates, and TCA 
precipitation of bacterial culture fluids. LLO-, p60- and heterologous protein-specific 
monoclonal antibodies can be used for immunoprecipitation to verify the continued 
expression and secretion fiom recombinant Listeria post inactivation. 
[0290] In some embodiments, the bacteia attenuated for proliferation are also 

attenuated for nucleic acid repair and/or are defective with respect to at least one DNA repair 
enzyme. For instance, in some embodiments, the bacterium in which nucleic acid has been 
modified by a nucleic acid targeting compound such as a psoralen (combined with UVA 
treatment) is a uvrAB deletion mutant. 

[0291] In some embodiments, the proliferation of the bacteria is attenuated by at least 

about 0.3 log, also at least about 1 log, about 2 log, about 3 log, about 4 log, about 6 log, or at 
least about 8 log. In another embodiment, the proliferation of the bacteria is attenuated by 
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about 0.3 to > 10 log, about 2 to >10 log, about 4 to >10 log, about 6 to >10 log, about 03-8 
log, about 0.3-6 log, about 0.3-5 log, about 1-5 log, or about 2-5 log. In some embodiments, 
the expression of an antigen by the bacteria are at least about 10%, about 25%, about 50%, 
about 75%, or at least about 90% of the expression of the antigen by bacteria in which the 
bacterial nucleic acid is not modified. 

[0292] In some embodiments, the nucleic acid of the bacterium has not been modified 

by reaction with a nucleic acid targeting compound. In some embodiments, the recombinant 
bacterium has not been attenuated for proliferation. In some embodiments, the recombinant 
bacterium is not attenuated in its ability for nucleic acid repair. In some embodiments, the 
recombinant bacterium is not deficient with respect to at least one DNA repair enzyme. 
[0293] In some embodiments, the signal peptide encoded by first polynucleotide in 

the recombinant nucleic acid molecule, expression cassette, and/or expression vector 
contained within the recombinant bacterium is native to the recombinant bacterium. In some 
embodiments, the polynucleotide encoding the signal peptide that is native to the 
recombinant bacterium has been codon-optimized for expression in the recombinant 
bacterium. In some embodiments, the polynucleotide has been fully codon-optimized. In 
some embodiments, the signal peptide encoded by the first polynucleotide of the recombinant 
nucleic acid molecule, expression cassette, and/or expression vector contained within the 
recombinant bacterium is foreign to the host recombinant bacterium. In some embodiments, 
the polynucleotide encoding the signal peptide that is foreign to the host recombinant 
bacterium has been codon-optimized for expression in the recombinant bacterium. 
[0294] La some embodiments, the second polynucleotide in the recombinant nucleic 

acid molecule, expression cassette, and/or expression vector within the recombinant 
bacterium has been codon-optimized for expression in the recombinant bacterium. In some 
embodiments, the second polynucleotide has been fully codon-optimized for expression in 
the recombinant bacterium. In some embodiments, both the first and second polynucleotides 
within the recombinant bacterium have been codon-optimized for expression in the 
recombinant bacterium. In some embodiments, both the first and second polynucleotides 
within the recombinant bacterium have been fully codon-optimized for expression in the 
recombinant bacterium. 

[0295] In one aspect, the invention provides a bacterium comprising an expression 

cassette, wherein the expression cassette comprises (a) a first polynucleotide encoding a 
signal peptide, wherein the first polynucleotide is codon-optimized for expression in the 
bacterium; (b) a second polynucleotide encoding a polypeptide, wherein the second 
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polynucleotide is in the same translational reading frame as the first polynucleotide; and (c) a 
promoter operably linked to the first and second polynucleotides, wherein the expression 
cassette encodes a fusion protein comprising the signal peptide and the polypeptide. As 
described herein, e.g., in Section III, in some embodiments, the signal peptide that is encoded 
is a derived from bacteria. In some embodiments, the bacterial signal peptide encoded by the 
expression cassette is derived from the bacteria of the same genus and/or species as the 
bacterium comprising the expression cassette. In some embodiments, the signal peptide is 
native to the host recombinant bacterium. In other embodiments, the bacterial signal peptide 
encoded by the expression cassette is derived from bacteria of a different genus and/or 
species as the bacterium comprising the expression cassette. In some embodiments, the 
signal peptide is foreign to the host recombinant bacterium. In some embodiments the signal 
peptide is a secAl , secA2, or a Tat signal peptide. In some embodiments the polypeptide 
encoded by the second polynucleotide is heterologous (i.e., foreign) to the bacterium. 
[0296] In another aspect, the invention provides a bacterium comprising a 

recombinant nucleic acid molecule, comprising (a) a first polynucleotide encoding a signal 
peptide native to the bacterium, wherein the first polynucleotide is codon-optimized for 
expression in the bacterium, and (b) a second polynucleotide encoding a polypeptide, 
wherein the second polynucleotide is in the same translational reading frame as the first 
polynucleotide, wherein the recombinant nucleic acid molecule encodes a fusion protein 
comprising the signal peptide and the polypeptide. In some embodiments, the bacterium is an 
intracellular bacterium. In some embodiments, the recombinant nucleic acid molecule is part 
of an expression cassette that further comprises a promoter operably linked to both the first 
and second polynucleotides. In some embodiments, the bacterium is selected from the group 
consisting of Listeria, Bacillus, Yersinia pestis, Salmonella, Shigella, Brucella, mycobacteria 
and E. coli. In some embodiments, the bacterium is Listeria (e.g., Listeria monocytogenes). 
[0297] In another aspect, the invention provides a recombinant Listeria bacterium 

(e.g., Listeria monocytogenes) comprising a recombinant nucleic acid molecule, wherein the 
recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding a signal 
peptide, wherein the first polynucleotide is codon-optimized for expression in the Listeria 
bacterium, and (b) a second polynucleotide encoding a polypeptide, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, wherein 
the recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the recombinant nucleic acid molecule is part of 
an expression cassette that further comprises a promoter operably linked to both the first and 
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second polynucleotides. In some embodiments, the second polynucleotide is codon- 
optimized for expression in the Listeria bacterium. In some embodiments, the polypeptide 
encoded by the second polynucleotide is foreign to the Listeria bacterium (i.e., heterologous 
to the Listeria bacterium). In some embodiments, the Listeria bacterium is attenuated. For 
instance, the Listeria may be attenuated for cell-to-cell spread, entry into non-phagocytic 
cells, or proliferation. In some embodiments, the recombinant Listeria bacterium is deficient 
with respect to ActA, Internalin B, or both Act A and Internalin B (e.g., an AactAAinlB 
double deletion mutant). In some embodiments, the nucleic acid of the recombinant 
bacterium has been modified by reaction with a nucleic acid targeting compound (e.g., a 
psoralen compound). 

[0298] In another aspect, the invention provides a bacterium comprising a 

recombinant nucleic acid molecule, wherein the recombinant nucleic acid molecule 
comprises a first polynucleotide encoding a non-sec A 1 bacterial signal peptide, and a second 
polynucleotide encoding a polypeptide (e.g., an antigen), wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide, and wherein the 
recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide. In some embodiments, the polypeptide encoded by the second 
polynucleotide is heterologous to the signal peptide. In some embodiments, the recombinant 
nucleic acid molecule is part of an expression cassette that further comprises a promoter 
operably linked to both the first and second polynucleotides. In some embodiments, the 
bacterium is a bacterium selected from the group consisting of Listeria, Bacillus, Yersinia 
pestis, Salmonella, Shigella, Brucella, mycobacteria or E. coli. In some embodiments, the 
polypeptide encoded by the second polynucleotide is foreign to the bacterium (i.e., 
heterologous to the bacterium). 

[0299] I n another aspect, the invention provides a bacterium comprising an 

expression cassette, wherein the expression cassette comprises (a) a first polynucleotide 
encoding a non-sec A 1 bacterial signal peptide; (b) a second polynucleotide encoding a 
polypeptide (e.g., a polypeptide heterologous to the bacterium) in the same translational 
reading frame as the first polynucleotide; and (c) a promoter operably linked to the first and 
second polynucleotides, wherein the expression cassette encodes a fusion protein comprising 
the signal peptide and the polypeptide. As described herein, e.g., in Section HI, above, in 
some embodiments, the non-secAl bacterial signal peptide is a secA2 signal peptide. In 
some other embodiments, the non-secAl bacterial signal peptide is a Tat signal peptide. In 
some embodiments, the bacterial signal peptide encoded by the expression cassette is derived 



109 



WO 2005/071088 



PCT/US2004/044080 



from the bacteria of the same genus and/or species as the bacterium comprising the 
expression cassette. In other embodiments, the bacterial signal peptide encoded by the 
expression cassette is derived from bacteria of a different genus and/or species as the 
bacterium comprising the expression cassette. 

[0300] In another aspect, the invention provides a recombinant Listeria bacterium 

comprising a recombinant nucleic acid molecule, wherein the recombinant nucleic acid 
molecule comprises (a) a first polynucleotide encoding anon-secAl bacterial signal peptide, 
and (b) a second polynucleotide encoding a polypeptide, wherein the second polynucleotide 
is in the same translational reading frame as the first polynucleotide, wherein the recombinant 
nucleic acid molecule encodes a fusion protein comprising the signal peptide and the 
polypeptide. In some embodiments, the recombinant nucleic acid molecule is part of an 
expression cassette that further comprises a promoter operably linked to both the first and 
second polynucleotides. In some embodiments, the Listeria bacterium is attenuated. In some 
embodiments, the Listeria bacterium is a Listeria monocytogenes bacterium. For instance, 
the Listeria may be attenuated for cell-to-cell spread, entry into non-phagocytic cells, or 
proliferation. In some embodiments, the recombinant Listeria bacterium is deficient with 
respect to ActA, Internalin B, or both Act A and Internalin B (e.g., an AactAAinlB double 
deletion mutant). In some embodiments, the nucleic acid of the recombinant bacterium has 
been modified by reaction with a nucleic acid targeting compound (e.g., a psoralen 
compound). 

[0301] In an another aspect, the invention provides a recombinant Listeria bacterium 

comprising a recombinant nucleic acid molecule, wherein the recombinant nucleic acid 
molecule comprises a polynucleotide encoding a polypeptide foreign to the Listeria 
bacterium, wherein the polynucleotide is codon-optimized for expression in Listeria. 
[0302] In an additional aspect, the invention provides a recombinant Listeria 

bacterium comprising an expression cassette, wherein the expression cassette comprises the 
following: (a) a polynucleotide encoding a polypeptide foreign to the Listeria bacterium, 
wherein the polynucleotide is codon-optimized for expression in Listeria; and (b) a 
promoter, operably linked to the polynucleotide encoding the foreign polypeptide. Again, in 
some embodiments, the Listeria is Listeria monocytogenes. In other embodiments the 
Listeria bacterium belongs to the Listeria ivanovii, Listeria seeligeri 9 or Listeria innocua 
species. In some embodiments, the Listeria bacterium is an attenuated strain of Listeria 
bacterium as described above. 
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[0303] In a farther aspect, the invention provides a recombinant Listeria bacterium 

(e.g., Listeria monocytogenes) comprising a recombinant nucleic acid molecule, wherein the 
recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding a non- 
Listerial signal peptide; and (b) a second polynucleotide encoding a polypeptide that is in the 
same translational reading frame as the first polynucleotide, wherein the recombinant nucleic 
acid molecule encodes a fusion protein comprising both the non-Listerial signal peptide and 
the polypeptide. In some embodiments, the Listeria bacterium is attenuated. For instance, 
the Listeria may be attenuated for cell-to-cell spread, entry into non-phagocytic cells, or 
proliferation. In some embodiments, the recombinant Listeria bacterium is deficient with 
respect to ActA, Internalin B, or both Act A and Internalin B (e.g., an AactAAinlB double 
deletion mutant). In some embodiments, the nucleic acid of the recombinant bacterium has 
been modified by reaction with a nucleic acid targeting compound (e.g., a psoralen 
compound). 

[0304] In still another aspect, the invention provides a recombinant Listeria bacterium 

(for instance, from the species Listeria monocytogenes) comprising an expression cassette 
which comprises a first polynucleotide encoding a non-Listerial signal peptide, a second 
polynucleotide encoding a polypeptide (e.g., a non-Listerial polypeptide) that is in the same 
translational reading frame as the first polynucleotide, and a promoter operably linked to both 
the first and second polynucleotides. The expression cassette encodes a fusion protein 
comprising both the non-Listerial signal peptide and the polypeptide. In some embodiments, 
the Listeria bacterium is attenuated for cell-to-cell spread, entry into non-phagocytic cells, or 
proliferation. In some embodiments, the Listeria bacterium is deficient with respect to ActA, 
Internalin B, or both ActA and Internalin B. In some embodiments, the nucleic acid of the 
recombinant bacterium has been modified by reaction with a nucleic acid targeting compound 
(e.g., a psoralen compound). In some embodiments, the first polynucleotide, the second 
polynucleotide, or both the first and second polynucleotides are codon-optimized for 
expression in Listeria. In some embodiments, the first polynucleotide and/or second 
polynucleotide is codon-optimized for expression in Listeria monocytogenes. In some 
embodiments, the polypeptide encoded by the second polynucleotide is an antigen, which, in 
some instances, may be a non-bacterial antigen. For instance, the polypeptide is, in some 
embodiments a tumor-associated antigen or is derived from such a tumor-associated antigen. 
For instance, in some embodiments, the polypeptide is K-Ras, H-Ras, N-Ras, 12-K-Ras, 
mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, 
PAGE-4, TARP, or CEA, or is derived from K-Ras, H-Ras, N-Ras, 12-K-Ras, mesothelin, 



111 



WO 2005/071088 



PCT/US2004/044080 



PSCA, NY-ESCM, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, PAGE-4, 
TARP, or CEA. For instance, in some embodiments, the polypeptide is mesothelin, or is a 
fragment or variant of mesothelin. In some other embodiments, the polypeptide is NY-ESO- 
1, or a fragment or variant of mesothelin. In some embodiments, the antigen is an infectious 
disease antigen or is derived from an infectious disease antigen. In preferred embodiments, 
the signal peptide is bacterial. In some embodiments, the signal peptide is from a bacterium 
belonging to the genus Bacillus, Staphylococcus, or Lactococcus. For instance, in some 
embodiments, the signal peptide is from Bacillus anthracis, Bacillus subtilis, Staphylococcus 
aureus, or Lactococcus lactis. In some embodiments, the signal peptide is a secAl signal 
peptide, such as a Usp45 signal peptide from Lactococcus lactis or a Protective Antigen 
signal peptide from Bacillus anthracis. In some embodiments, the signal peptide is a secA2 
signal peptide. In still further embodiments, the signal peptide is a Tat signal peptide, such as 
a B. subtilis Tat signal peptide (e.g., PhoD). 

[0305] The invention further provides a recombinant bacterium comprising a 

recombinant nucleic acid molecule, wherein the recombinant nucleic acid molecule 
comprises: (a) a first polynucleotide encoding abacterial autolysin, or a catalytically active 
fragment or catalytically active variant thereof; and (b) a second polynucleotide encoding a 
polypeptide, wherein the second polynucleotide is in the same translational reading frame as 
the first polynucleotide, wherein the recombinant nucleic acid molecule encodes a protein 
chimera comprising the polypeptide encoded by the second polynucleotide and the autolysin, 
or catalytically active fragment or catalytically active variant thereof, wherein, in the protein 
chimera, the polypeptide is fused to the autolysin, or catalytically active fragment or 
catalytically active variant thereof, or is positioned within the autolysin, or catalytically active 
fragment or catalytically active variant thereof. In some embodiments, the recombinant 
bacterium is an intracellular bacterium, such as a Listeria bacterium (e.g., Listeria 
monocytogenes). In some embodiments, the polypeptide encoded by the second 
polynucleotide is foreign to the recombinant bacterium. 

[0306] In yet another aspect, the invention provides a recombinant Listeria bacterium 

comprising a polycistronic expression cassette, wherein the polycistronic expression cassette 
encodes at least two discrete non-Listerial polypeptides. For instance, in some embodiments, 
the expression cassette comprises a first polynucleotide encoding the first non-Listerial 
polypeptide, a second polynculeotide encoding the second non-Listerial polypeptide, and a 
promoter operably linked to the first and second polynucleotides. In some embodiments, the 
recombinant Listeria bacterium belongs to the species Listeria monocytogenes. In some 
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embodiments, the first and/or second non-Listerial polypeptides comprise antigens (or 
fragments thereof). 

[0307] In some embodiments, the invention provides a recombinant bacterium (e.g., 

Listeria) comprising an expression cassette comprising the following: (a) a first 
polynucleotide encoding a first signal peptide; (b) a second polynucleotide encoding a first 
polypeptide, wherein the second polynucleotide is in the same translational reading frame as 
the first polynucleotide; (c) an intergenic sequence; (d) a third polynucleotide encoding a 
second signal peptide; (e) a fourth polynucleotide encoding a second polypeptide, wherein 
the fourth polynucleotide is in the same translational reading frame as the third 
polynucleotide; and (f) a promoter operably linked to the first polynucleotide, second 
polynucleotide, third polynucleotide, fourth polynucleotide, and intergenic sequence, such 
that the expression cassette encodes both a first fusion protein comprising the first signal 
peptide and the first polypeptide and a second fusion protein comprising the second signal 
peptide and second polypeptide. In some embodiments, the one or more of the 
polynucleotides encoding a signal peptide is codon-optimized for expression in the 
bacterium. In some embodiments, the third and/or fourth polynucleotides are codon- 
optimized for expression in the bacterium. In some embodiments, the first and/or second 
polypeptides are heterologous to the recombinant bacterium (e.g., heterologous antigens). In 
some embodiments, the first and/or second signal peptide is a non-secAl bacterial signal 
peptide. The first and/or second signal peptide may be native or foreign to the recombinant 
bacterium. In some embodiments, the recombinant bacterium is a Listeria bacterium and the 
first and/or second signal peptide is non-Listerial. In some embodiments, the intergenic 
sequence is the Listeria monocytogenes actA-plcB intergenic sequence. In some 
embodiments, the bacterium is Listeria monocytogenes. 

[0308] In other aspects, the invention provides a bacterium comprising a recombinant 

nucleic acid molecule, comprising (a) a first polynucleotide encoding a signal peptide, (b) a 
second polynucleotide encoding a secreted protein, or a fragment thereof, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, and (c) a 
third polynucleotide encoding a polypeptide heterologous to the secreted protein, or fragment 
thereof, wherein the third polynucleotide is in the same translational reading frame as the first 
and second polynucleotides, and wherein the recombinant nucleic acid molecule encodes a 
protein chimera comprising the signal peptide, the polypeptide encoded by the second 
polynucleotide, and the secreted protein, or fragment thereof, and wherein the polypeptide is 
fused to the secreted protein, or fragment thereof, or is positioned within the secreted protein, 
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or fragment thereof, in the protein chimera. In some embodiments, the bacterium is a Listeria 
bacterium. In some embodiments, where the bacterium is a Listeria bacterium, the 
polypeptide encoded by the third polynucleotide is foreign to the Listeria. In some 
embodiments, the bacterium is Listeria monocytogenes. 

[0309] In some embodiments (for instance, in some embodiments of each of the 

aforementioned aspects), the expression cassette contained within the bacterium is integrated 
into the genome of the bacterium. In other embodiments, the expression cassette contained 
within the bacterium is on a plasmid within the bacterium. 

[0310] Generally, the promoter that is used in the expression cassette will be an 

expression cassette that is suitable for effecting heterologous expression with the particular 
bacterial host chosen. One of ordinary skill in the art can readily discern which promoters are 
suitable for use in which bacteria. In some embodiments, the promoter is a bacterial 
promoter. In additional embodiments, the promoter on the expression cassette in the 
bacterium is a promoter from bacteria belonging to the same genus as the bacterium which 
contains the expression cassette. In other embodiments, the promoter on the expression 
cassette in the bacterium is a promoter from bacteria belonging to the same species as the 
bacterium which contains the expression cassette. For instance, if the bacterium which 
contains the expression cassette belongs to the species Listeria monocytogenes, then the 
promoter that is used on the expression cassette is optionally derived from a Listeria! gene 
such as My. In other embodiments, the promoter is a constitutive promoter (e.g., a p60 
promoter) or is prfA-dependent promoter (e.g. an actA promoter). Again, as described above, 
the promoter of the expression cassette is, in some embodiments, a constitutive promoter. In 
other embodiments, the promoter of the expression cassette is an inducible promoter, as also 
described above. 

[0311] In some embodiments (for instance, in some embodiments of each of the 

aforementioned aspects), the polypeptides or fusion proteins comprising the polypeptides that 
are encoded by the expression cassettes in the bacteria are antigens or other proteins of 
therapeutic value, as described, for instance, above in Section IV. In some embodiments, the 
polypeptide or a protein comprising the polypeptide is secreted from the bacterium. In some 
embodiments the polypeptide that is expressed and/or secreted from the bacterium is 
heterologous to the bacterium. 

[0312] In some embodiments, therefore, the invention provides recombinant Listeria 

comprising an expression cassette, wherein the expression cassette comprises (a) a first 
polynucleotide encoding a bacterial (either Listerial or non-Listerial) signal peptide, wherein 
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the first polynucleotide is codon-optimized for expression in Listeria; (b) a second 
polynucleotide encoding a non-Listerial antigen, wherein the second polynucleotide is in the 
same translational reading frame as the first polynucleotide; and (c) a promoter operably 
linked to the first and second polynucleotides, wherein the expression cassette encodes a 
fusion protein comprising the signal peptide and the antigen. In further embodiments, the 
Listeria is a strain of Listeria monocytogenes, such as an actAlnlB" strain. In some 
embodiments, the expression cassette has been integrated into the genome of the recombinant 
Listeria. In some embodiments, the second polynucleotide is codon-optimized for expression 
in Listeria. 

[0313] The invention also provides Listeria comprising an expression cassette, 

wherein the expression cassette comprises (a) a first polynucleotide encoding a secA2 or 
Tat bacterial signal peptide; (b) a second polynucleotide encoding an antigen in the same 
translational reading frame as the first polynucleotide; and (c) a promoter operably linked to 
the first and second polynucleotides, wherein the expression cassette encodes a fusion protein 
comprising the signal peptide and the antigen. In some embodiments, the bacterial signal 
peptide is Listeria!. In other embodiments, the bacterial signal peptide is non-Listerial. In 
further embodiments, the Listeria is a strain of Listeria monocytogenes, such as an actAlnlB' 
strain. In some embodiments, the expression cassette has been integrated into the genome of 
the recombinant Listeria. In some embodiments, either the polynucleotide encoding the 
signal peptide (even if the signal peptide is a Listerial signal peptide) and/or the 
polynucleotide encoding the antigen is codon-optimized for expression in Listeria. 
[0314] In further embodiments, the invention provides recombinant Listeria 

comprising an expression cassette, where the expression cassette comprises the following: 
(a) a polynucleotide encoding a non-Listerial antigen, wherein the polynucleotide is codon- 
optimized for expression in Listeria; and (b) a promoter, operably linked to the 
polynucleotide encoding the foreign polypeptide. In some embodiments, the expression 
cassette further comprises a polynucleotide encoding a bacterial signal peptide, which is also 
codon-optimized for expression in Listeria. In one embodiment, the bacterial signal peptide 
is Listerial In another embodiment, the bacterial signal peptide is non-Listerial. In some 
embodiments the bacterial signal peptide is a secAl signal peptide, a secA2 signal peptide, or 
a Tat signal peptide. In further embodiments, the Listeria is a strain of Listeria 
monocytogenes, such as an actA'inlR strain. In some embodiments, the expression cassette 
has been integrated into the genome of the recombinant Listeria. 
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[0315] . In still another embodiment, the invention provides a recombinant Listeria 
bacterium, comprising (a) a first polynucleotide encoding a bacterial (either Listeria] or non- 
Listerial) signal peptide, wherein the first polynucleotide is codon-optimized for expression 
in Listeria; (b) a second polynucleotide encoding an non-Listerial antigen, wherein the 
second polynucleotide is also codon-optimized for expression in Listeria and is in the same 
translational reading frame as the first polynucleotide; and (c) a promoter operably linked to 
the first and second polynucleotides, wherein the expression cassette encodes a fusion protein 
comprising the signal peptide and the antigen. In some embodiments, the Listeria bacterium 
belongs to the species Listeria monocytogenes. In some embodiments, the Listeria bacterium 
is an actA'inlK mutant strain of Listeria monocytogenes. 

[0316] The present invention further provides bacteria such as Listeria comprising 

more than one expression cassette described herein. In particular compositions, the 
molecular mass of a given protein can inhibit its expression from recombinant bacteria, such 
as recombinant Listeria. One approach to address this problem is to molecularly "divide" the 
gene encoding a protein of interest and fuse each division functionally to a sequence that will 
program its secretion from the bacterium (e.g., secAl , secA2, or Tat elements). One 
approach is to individually derive recombinant Listeria expressing each division of the 
heterologous gene. Alternatively, the individually components of the molecularly divided 
gene (also including appropriate elements for secretion) can be introduced into intergenic 
regions throughout the bacterial chromosome, using methods well established in the art, for 
example by allelic exchange. Another example is to express the molecularly divided gene as 
a single polycistronic message. According to this composition, interspersed between the 
protein-encoding sequence of the molecularly divided gene would be the Shine-Dalgarno 
ribosome binding sequence, in order to re-initiate protein synthesis on the polycistronic 
message. 

[0317] In additional aspects, the invention provides methods of improving expression 

and/or secretion of heterologous polypeptides in recombinant bacteria such as Listeria. Any 
of the polynucleotides, expression cassettes and/or expression vectors described herein may 
be used in these methods. For instance, the invention provides a method of improving 
expression and/or secretion of a heterologous polypeptide fused to a signal peptide in 
Listeria, comprising codon-optimizing either the polypeptide-encoding sequence on the 
expression cassette, the signal peptide-encoding sequence of the expression cassette, or both. 
The invention also provides a method of improving expression and/or secretion of a 
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heterologous polypeptide fused to a signal peptide in Listeria, comprising using a signed 
peptide from a non-Listerial source and/or from a secretory pathway other than secAl . 
[0318] The invention also provides a method of producing a recombinant bacterium 

(e.g. a recombinant Listeria bacterium) comprising introducing a recombinant nucleic acid 
molecule, expression cassette, and/or expression vector described herein into a bacterium to 
produce the recombinant bacterium. For instance, in some embodiments, a recombinant 
nucleic acid molecule comprising (a) a first polynucleotide encoding a signal peptide native 
to a bacterium, wherein the first polynucleotide is codon-optimized for expression in the 
bacterium, and (b) a second polynucleotide encoding a polypeptide, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, wherein 
the recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the polypeptide, is introduced into a bacterium to produce the recombinant bacterrum. In 
some embodiments, a recombinant nucleic acid molecule, comprising (a) a first 
polynucleotide encoding a non-secAl bacterial signal peptide, and (b) a second 
polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, and wherein the recombinant nucleic 
acid molecule encodes a fusion protein comprising the signal peptide and the polypeptide, is 
introduced into a bacterium to produce the recombinant bacterium. In some embodiments, 
the recombinant nucleic acid molecule that is introduced into a bacterium to produce the 
recombinant bacterium is a recombinant nucleic acid molecule, wherein the recombinant 
nucleic acid molecule comprises (a) a first polynucleotide encoding a non-Listerial signal 
peptide, and (b) a second polynucleotide encoding a polypeptide that is in the same 
translational reading frame as the first polynucleotide, wherein the recombinant nucleic acid 
molecule encodes a fusion protein comprising both the non-Listerial signal peptide and the 
polypeptide. The recombinant nucleic acid molecule used to produce the recombinant 
bacterium is, in some embodiments, a recombinant nucleic acid molecule, comprising (a) a 
first polynucleotide encoding a bacterial autolysin, or catalytically active fragment or 
catalytically active variant thereof, and (b) a second polynucleotide encoding a polypeptide, 
wherein the second polynucleotide is in the same translational reading frame as the first 
polynucleotide, wherein the recombinant nucleic acid molecule encodes a protein chimera in 
which the non-Listerial polypeptide is fused to the autolysin, or catalytically active fragment 
or catalytically active variant thereof, or is inserted within the autolysin, or catalytically 
active fragment or catalytically active variant thereof. In some other embodiments, a method 
of producing a recombinant Listeria bacterium is provided, which comprises introducing a 
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polycistronic expression cassette, wherein the expression cassette encodes at least two 
discrete non-Listerial polypeptides, into a Listeria bacterium to produce the recombinant 
Listeria bacterium. 

IX. Pharmaceutical, immunogenic, and/or vaccine compositions 
[0319] A variety of different compositions such as pharmaceutical compositions, 

immunogenic compositions, and vaccines are also provided by the invention. These 
compositions comprise any of the recombinant bacteria described herein (see, e.g., the 
Summary of the Invention, Sections I and VIII of the Detailed Description, above, and 
elsewhere in the specification, including the Examples, below). In some embodiments, the 
compositions are isolated. 

[0320] For instance, the invention provides a pharmaceutical composition comprising 

the following: (i) a pharmaceutical^ acceptable carrier; and (ii) a recombinant bacterium 
described herein. 

[0321] For example, the invention provides a pharmaceutical composition comprising 

the following (i) a pharmaceutical^ acceptable carrier; and (ii) a recombinant bacterium 
comprising an expression cassette comprising a first polynucleotide encoding a signal 
peptide, wherein the first polynucleotide is codon-optimized for expression in a bacterium, a 
second polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the 
same translational reading frame as the first polynucleotide, and a promoter operably linked 
to the first and second polynucleotides, so that the expression cassette encodes a fusion 
protein comprising the signal peptide and the polypeptide. 

[0322] The invention also provides a pharmaceutical composition comprising: (i) a 

pharmaceutical^ acceptable carrier; and (ii) a recombinant bacterium comprising an 
expression cassette, where the expression cassette comprises a first polynucleotide encoding a 
non-secAl bacterial signal peptide, a second polynucleotide encoding a polypeptide in the 
same translational reading frame as the first polynucleotide, and a promoter operably linked 
to the first and second polynucleotides, so that the expression cassette encodes a fusion 
protein comprising the signal peptide and the polypeptide. 

[0323] The invention further provides a pharmaceutical composition comprising: (i) a 

pharmaceutically acceptable carrier; and (ii) a recombinant Listeria bacterium comprising an 
expression cassette, wherein the expression cassette comprises the following: (a) a 
polynucleotide encoding a polypeptide foreign to Listeria, wherein the polynucleotide is 
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codon-optimized for expression in Listeria; and (b) a. promoter, operably linked to the 
polynucleotide encoding the foreign polypeptide. 

[0324] The invention also provides a pharmaceutical composition comprising: (i) a 

pharmaceutically acceptable carrier; and (ii) a recombinant Listeria bacterium comprising an 
expression cassette which comprises :(a) a first polynucleotide encoding a non-Listerial 
signal peptide; (b) a second polynucleotide encoding a polypeptide that is in the same 
translational reading frame as the first polynucleotide ; and (c) a promoter operably linked to 
both the first and second polynucleotides, wherein the expression cassette encodes a fusion 
protein comprising both the non-Listerial signal peptide and the polypeptide. 
[0325] As used herein, "carrier" includes any and all solvents, dispersion media, 

vehicles, coatings, diluents, antifungal agents, isotonic and absorption delaying agents, 
buffers, carrier solutions, suspensions, colloids, andtlie like. Pharmaceutically acceptable 
carriers are well known to those of ordinary skill in thte art, and include any material which, 
when combined with an active ingredient, allows the ingredient to retain biological activity 
and is non-reactive with the subject's immune system. For instance, pharmaceutically 
acceptable carriers include, but are not limited to, water, buffered saline solutions (e.g., 0.9% 
saline), emulsions such as oil/water emulsions, and various types of wetting agents. Possible 
carriers also include, but are not limited to, oils (e.g., mineral oil), dextrose solutions, 
glycerol solutions, chalk, starch, salts, glycerol, and gelatin. # 
[0326] While any suitable carrier known to thiose of ordinary skill in the art may be 

employed in the pharmaceutical compositions, the type of carrier will vary depending on the 
mode of administration. Compositions of the present invention may be formulated for any 
appropriate manner of administration, including for example, topical, oral, nasal, intravenous, 
intracranial, intraperitoneal, subcutaneous or intramuscular administration. In some 
embodiments, for parenteral administration, such as subcutaneous injection, the carrier 
comprises water, saline, alcohol, a fat, a wax or a buffer. In some embodiments, any of the 
above carriers or a solid carrier, such as mannitol, lactose, starch, magnesium stearate, 
sodium saccharine, talcum, cellulose, glucose, sucrose, and magnesium carbonate, are 
employed for oral administration. 

[0327] Compositions comprising such carriers are formulated by well known 

conventional methods (see, for example, Remington's Pharmaceutical Sciences, 18th edition, 
A. Gennaro, ed., Mack Publishing Co., Easton, PA, L 990; and Remington, The Science and 
Practice of Pharmacy 20th Ed Mack Publishing, 20O0). 
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[0328] In addition to pharmaceutical compositions, immunogenic compositions are 

provided. For instance, the invention provides an immunogenic composition comprising a 
recombinant bacterium described herein (see, e.g., the recombinant bacterium described 
above in the Summary of the Invention, Sections I and VIII of the Detailed Description 
above, and elsewhere in the specification, including the Examples, below). In some 
embodiments, the immunogenic composition comprises a recombinant bacterium, wherein 
the polypeptide sequence that is part of the polypeptide expressed by the recombinant 
bacterium as a discrete protein, as part of a fusion protein, or embedded in a protein chimera 
(depending on the recombinant nucleic acid molecule or expression cassette used) is an 
antigen or comprises an antigen. In other words, in some embodiments, the immunogenic 
composition comprises a recombinant bacterium which comprises a recombinant nucleic acid 
molecule or expression cassette encoding a polypeptide that comprises an antigen. Suitable 
antigens include, but are not limited to, any of those described herein (e.g., above in Section 
IV). In some embodiments, the recombinant bacterium in the immunogenic composition 
expresses the polypeptide comprising the antigen at a level sufficient to induce an immune 
response to the antigen upon administration of the composition to a host (e.g., a mammal 
such as a human). In some embodiments, the immune response stimulated by the 
immunogenic composition is a cell-mediated immune response. In some embodiments, the 
immune response stimulated by the immunogenic composition is a humoral immune 
response. In some embodiments, the immune response stimulated by the immunogenic 
composition comprises both a humoral and cell-mediated immune response. 
[0329] For instance, in one aspect, the invention provides an immunogenic 

composition comprising a recombinant bacterium, where the bacterium comprises an 
expression cassette comprising the following: (a) a first polynucleotide encoding a signal 
peptide, wherein the first polynucleotide is codon-optimized for expression in a bacterium; 
(b) a second polynucleotide encoding an antigen, wherein the second polynucleotide is in the 
same translational reading frame as the first polynucleotide; and (c) a promoter operably 
linked to the first and second polynucleotides, so that the expression cassette encodes a fusion 
protein comprising the signal peptide and the antigen. 

[0330] In another aspect, the invention provides an immunogenic composition 

comprising a recombinant bacterium, where the bacterium comprises an expression cassette 
that comprises the following: (a) a first polynucleotide encoding a non-secAl bacterial 
signal peptide; (b) a second polynucleotide encoding an antigen in the same translational 
reading frame as the first polynucleotide; and (c) a promoter operably linked to the first and 
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second polynucleotides, so that the expression cassette encodes a fusion protein comprising 
the signal peptide and the antigen. 

[0331] In still another aspect, the invention provides an immunogenic composition 

comprising a recombinant Listeria bacterium, wherein the recombinant Listeria bacterium 
comprises an expression cassette, wherein the expression cassette comprises the following: 
(a) a polynucleotide that encodes a non-Listerial antigen and that is codon-optimized for 
expression in Listeria; and (b) a promoter, operably linked to the polynucleotide encoding 
the antigen. 

[0332] The invention also provides an immunogenic composition comprising a 

recombinant Listeria bacterium comprising an expression cassette which comprises:(a) a 
first polynucleotide encoding a non-Listerial signal peptide; (b) a second polynucleotide 
encoding an antigen that is in the same translational reading frame as the first polynucleotide; 
and (c) a promoter operably linked to both the first and second polynucleotides, 

wherein the expression cassette encodes a fusion protein comprising both the non-Listerial 
signal peptide and the antigen. 

[0333] In another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant bacterium comprising a recombinant nucleic acid 
molecule, wherein the recombinant nucleic acid molecule comprises (a) a first polynucleotide 
encoding a signal peptide native to a bacterium, wherein the first polynucleotide is codon- 
optimized for expression in the bacterium, and (b) a second polynucleotide encoding a 
polypeptide comprising an antigen, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, wherein the recombinant nucleic acid 
molecule encodes a fusion protein comprising the signal peptide and the polypeptide. 
[0334] In another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant Listeria bacterium, wherein the recombinant bacterium 
comprises a recombinant nucleic acid molecule which comprises (a) a first polynucleotide 
encoding a signal peptide, wherein the first polynucleotide is codon-optimized for expression 
in Listeria, and (b) a second polynucleotide encoding a polypeptide comprising an antigen, 
wherein the second polynucleotide is in the same translational reading frame as the first 
polynucleotide, wherein the recombinant nucleic acid molecule encodes a fusion protein 
comprising the signal peptide and the polypeptide. 

[0335] In another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant bacterium comprising a recombinant nucleic acid 
molecule, wherein the recombinant nucleic acid molecule comprises a first polynucleotide 
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encoding a non-secAl bacterial signal peptide, and a second polynucleotide encoding a 
polypeptide comprising an antigen, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, and wherein the recombinant nucleic 
acid molecule encodes a fusion protein comprising the signal peptide and the polypeptide. 
[0336] In still another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant Listeria bacterium comprising a recombinant nucleic acid 
molecule, wherein the recombinant nucleic acid molecule comprises (a) a first 
polynucleotide encoding a non-secAl bacterial signal peptide, and (b) a second 
polynucleotide encoding a polypeptide either heterologous to the signal peptide or foreign to 
the bacterium, wherein the second polynucleotide is in the same translational reading frame 
as the first polynucleotide, and wherein the recombinant nucleic acid molecule encodes a 
fusion protein comprising the signal peptide and the polypeptide. In some embodiments, the 
polypeptide encoded by the first polynucleotide comprises an antigen. 
[0337] In another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant Listeria bacterium, wherein the recombinant Listeria 
bacterium comprises a recombinant nucleic acid molecule, wherein the recombinant nucleic 
acid molecule comprises a polynucleotide encoding a polypeptide foreign to Listeria, wherein 
the polynucleotide encoding the foreign polypeptide is codon-optimized for expression in 
Listeria. In some embodiments, the foreign polypeptide comprises an antigen. 
[0338] In another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant Listeria bacterium, wherein the recombinant bacterium 
comprises a recombinant nucleic acid molecule comprising (a) a first polynucleotide 
encoding a non-Listerial signal peptide, and (b) a second polynucleotide encoding a 
polypeptide comprising an antigen, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, and wherein the recombinant nucleic 
acid molecule encodes a fusion protein comprising both the non-Listerial signal peptide and 
the polypeptide. 

[0339] The invention also provides an immunogenic composition (or vaccine) 

comprising a recombinant bacterium, wherein the recombinant bacterium comprises a nucleic 
acid molecule comprising (a) a first polynucleotide encoding a bacterial autolysin, or a 
catalytically active fragment or catalytically active variant thereof, and (b) a second 
polynucleotide encoding a polypeptide, wherein the second polynucleotide is in the same 
translational reading frame as the first polynucleotide, wherein the recombinant nucleic acid 
molecule encodes a protein chimera comprising the polypeptide encoded by the second 
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polynucleotide and the autolysis or catalytically active fragment or catalytically active 
variant thereof, wherein, in the protein chimera, the polypeptide is fused to or is positioned 
within the autolysin, or catalytically active fragment or catalytically active variant thereof. In 
some embodiments, the polypeptide encoded by the second polynucleotide comprises an 
antigen. 

[0340] In another aspect, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant Listeria bacterium, wherein the recombinant Listeria 
bacterium comprises a recombinant nucleic acid molecule, wherein the recombinant nucleic 
acid molecule encodes at least two discrete non-Listerial polypeptides, at least one of which 
comprises an antigen. 

[0341] In other aspects, the invention provides an immunogenic composition (or 

vaccine) comprising a recombinant bacterium, which comprises a recombinant nucleic acid 
molecule comprising (a) a first polynucleotide encoding a signal peptide, (b) a second 
polynucleotide encoding a secreted protein, or a fragment thereof, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, and (c) a 
third polynucleotide encoding a polypeptide heterologous to the secreted protein, or fragment 
thereof, wherein the third polynucleotide is in the same translational reading frame as the first 
and second polynucleotides, wherein the recombinant nucleic acid molecule encodes a 
protein chimera comprising the signal peptide, the polypeptide encoded by the third 
polynucleotide, and the secreted protein, or fragment thereof, and wherein the polypeptide 
encoded by the third polynucleotide is fused to the secreted protein, or fragment thereof, or is 
positioned within the secreted protein, or fragment thereof, in the protein chimera. In some 
embodiments, the heterologous polypeptide encoded by the third polynucleotide comprises 
an antigen. 

[0342] It can be determined if a particular form of recombinant bacteria (and/or a 

particular expression cassette) is useful in an immunogenic composition (or as a vaccine) by 
testing the ability of the recombinant bacteria to stimulate an immune response in vitro or in a 
model system. 

[0343] These immune cell responses can be measured by both in vitro and in vivo 

methods to determine if the immune response of a particular recombinant bacterium (and/or a 
particular expression cassette) is effective. One possibility is to measure the presentation of 
the protein or antigen of interest by an antigen-presenting cell that has been mixed with a 
population of the recombinant bacteria. The recombinant bacteria may be mixed with a 
suitable antigen presenting cell or cell line, for example a dendritic cell, and the antigen 
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presentation by the dendritic cell to a T cell that recognizes the protein or antigen can be 
measured. If the recombinant bacteria are expressing the protein or antigen at a sufficient 
level, it will be processed into peptide fragments by the dendritic cells and presented in the 
context of MHC class I or class II to T cells. For the purpose of detecting the presented 
protein or antigen, a T cell clone or T cell line responsive to the particular protein or antigen 
may be used. The T cell may also be a T cell hybridoma, where the T cell is immortalized by 
fusion with a cancer cell line. Such T cell hybridomas, T cell clones, or T cell lines can 
comprise either CD8+ or CD4+ T cells. The dendritic cell can present to either CD8+ or 
CD4+ T cells, depending on the pathway by which the antigens are processed. CD8+ T cells 
recognize antigens in the context of MHC class I while CD4+ recognize antigens in the 
context of MHC class II. The T cell will be stimulated by the presented antigen through 
specific recognition by its T cell receptor, resulting in the production of certain proteins, such 
as IL-2, tumor necrosis factor-a (TNF-a), or interferon-y (IFN-y), that can be quantitatively 
measured (for example, using an ELISA assay, ELISPOT assay, or Intracellular Cytokine 
Staining (ICS)). These are techniques that are well known in the art and that are also 
exemplified below in the Examples (see, e.g., Example 21, below). 

[0344] Alternatively, a hybridoma can be designed to include a reporter gene, such as 

P-galactosidase, that is activated upon stimulation of the T cell hybridoma by the presented 
antigens. The increase in the production of p-galactosidase can be readily measured by its 
activity on a substrate, such as chlorophenol red-B-galactoside, which results in a color 
change. The color change can be directly measured as an indicator of specific antigen 
presentation. 

[0345] Additional in vitro and in vivo methods for assessing the antigen expression of 

recombinant bacteria vaccines of the present invention are known to those of ordinary skill in 
the art. It is also possible to directly measure the expression of a particular heterologous 
antigen by recombinant bacteria. For example, a radioactively labeled amino acid can be 
added to a cell population and the amount of radioactivity incorporated into a particular 
protein can be determined. The proteins synthesized by the cell population can be isolated, 
for example by gel electrophoresis or capillary electrophoresis, and the amount of 
radioactivity can be quantitatively measured to assess the expression level of the particular 
protein. Alternatively, the proteins can be expressed without radioactivity and visualized by 
various methods, such as an ELISA assay or by gel electrophoresis and Western blot with 
detection using an enzyme linked antibody or fluorescently labeled antibody. 
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[03461 Example 21, below, provides some specific exemplary examples of how some 

of the techniques known to those of ordinary skill in the art can be used to assess 
immunogenicity. For instance, Elispot assay, Intracellular Cytokine Staining Assay (ICS), 
measurement of cytokine expression of stimulated spleen cells, and assessment of cytotoxic T 
cell activity in vitro and in vivo are all techniques for assessing immunogenicity known to 
those in the art. Exemplary descriptions of these techniques with model antigens are 
provided in Example 21. Exemplary assays are also described in Examples 31 A and 3 IE, 
below. 

[0347] In addition, therapeutic efficacy of the vaccine composition can be assessed 

more directly by administration of the immunogenic composition or vaccine to an animal 
model such as a mouse model, followed by an assessment of survival or tumor growth. For 
instance, survival can be measured following administration and challenge (e.g., with a tumor 
or pathogen). See, e.g., the assays described in Examples 20 and 31B-D, below.) 
[0348] Mouse models useful for testing the immunogenicity of an immunogenic 

composition or vaccine expressing a particular antigen can be produced by first modifying a 
tumor cell so that it expresses the antigen of interest or a model antigen and then implanting 
the tumor cells expressing the antigen of interest into mice. The mice can be vaccinated with 
the candidate immunogenic composition or vaccine comprising a recombinant bacterium 
expressing a polypeptide comprising the antigen of interest or a model antigen prior to 
implantation of the tumor cells (to test prophylactic efficacy of the candidate composition) or 
following implantation of the tumor cells in the mice (to test therapeutic efficacy of the 
candidate composition). 

[0349] As an example, CT26 mouse murine colon carcinoma cells can be transfected 

with an appropriate vector comprising an expression cassette encoding the desired antigen or 
model antigen using techniques standard in the art. Standard techniques such as flow 
cytometry and Western blots can then be used to identify clones expressing the antigen or 
model antigen at sufficient levels for use in the immunogenicity and/or efficacy assays. 
[0350] Alternatively, candidate compositions can be tested which comprise a 

recombinant bacterium expressing an antigen that corresponds to or is derived from an 
antigen endogenous to a tumor cell line (e.g., the retroviral gp70 tumor antigen AH1 
endogenous to CT26 mouse murine colon carcinoma cells, or the heteroclitic epitope AH1- 
A5). In such assays, the tumor cells can be implanted in the animal model without further 
modification to express an additional antigen. Candidate vaccines comprising the antigen can 
then be tested 



125 



WO 2005/071088 



PCTYUS2004/044080 



[0351] As indicated, vaccine compositions comprising the bacteria described herein 

are also provided. For instance, the invention provides a vaccine comprising a recombinant 
bacterium described herein (see, e.g., the recombinant bacterium described above in the 
Summary of the Invention, Sections I and VIII of the Detailed Description above, and 
elsewhere in the specification, including the Examples, below) where the polypeptide 
sequence that is part of the polypeptide expressed by the.recombinant bacterium as a discrete 
protein, as piart of a fusion protein, or embedded in a protein chimera (depending on the 
recombinant nucleic acid molecule or expression cassette used) is an antigen. Suitable 
antigens include any of those described herein (e.g., above in Section IV). 
[0352] In one aspect, the invention provides a vaccine that comprises a bacterium, 

wherein the bacterium comprises an expression cassette comprising the following: (a) a first 
polynucleotide encoding a signal peptide, wherein the first polynucleotide is codon-optimized 
for expression in a bacterium; (b) a second polynucleotide encoding an antigen, wherein the 
second polynucleotide is in the same translational reading frame as the first polynucleotide; 
and (c) a promoter operably linked to the first and second polynucleotides, so that the 
expression cassette encodes a fusion protein comprising the signal peptide and the antigen. 
[0353] In another aspect, the invention provides a vaccine that comprises a bacterium, 

where the bacterium comprises an expression cassette that comprises the following: (a) a 
first polynucleotide encoding a non-secAl bacterial signal peptide; (b) a second 
polynucleotide encoding an antigen in the same translational reading frame as the first 
polynucleotide; and (c) a promoter operably linked to the first and second polynucleotides, so 
that the expression cassette encodes a fusion protein comprising the signal peptide and the 
antigen. 

[0354] In still another aspect, the invention provides a vaccine that comprises a 

recombinant Listeria bacterium comprising a nucleic acid molecule, wherein the nucleic acid 
molecule comprises the following: (a) a polynucleotide that encodes a non-Listerial antigen 
and that is codon-optimized for expression in Listeria; and (b) a promoter, operably linked to 
the polynucleotide encoding the antigen. 

[0355] In another aspect, the invention provides a vaccine comprising a recombinant 

Listeria bacterium comprising an expression cassette which comprises: (a) a first 
polynucleotide encoding a non-Listerial signal peptide; (b) a second polynucleotide encoding 
an antigen that is in the same translational reading frame as the first polynucleotide; and (c) 
a promoter operably linked to both the first and second polynucleotides, 
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wherein the expression cassette encodes a fusion protein comprising both the non-Listerial 
signal peptide and the antigen. 

[0356] In some embodiments, the vaccine compositions comprise antigen-presenting 

cells (APC) which have been infected with any of the recombinant bacteria described herein. 
In some embodiments the vaccine (or immunogenic or pharmaceutical composition) does not 
comprise antigen-presenting cells (i.e., the vaccine or composition is a bacteria-based vaccine 
or composition, not an APC-based vaccine or composition). 

[0357] Methods of administration suitable for administration of vaccine compositions 

(and pharmaceutical and immunogenic compositions) are known in the art, and include oral, 
intraveneous, intradermal, intraperitoneal, intramuscular, intralymphatic, intranasal and 
subcutaneous routes of administration. 

[0358] Vaccine formulations are known in the art and in some embodiments may 

include numerous additives, such as preservatives (e.g., thimerosal, 2-phenyoyx ethanol), 
stabilizers, adjuvants (e.g. aluminum hydroxide, aluminum phosphate, cytokines), antibiotics 
(e.g., neomycin, streptomycin), and other substances. In some embodiments, stabilizers, such 
as lactose or monosodium glutamate (MSG), are added to stabilize the vaccine formulation 
against a variety of conditions, such as temperature variations or a freeze-drying process. In 
some embodiments, vaccine formulations may also include a suspending fluid or diluent such 
as sterile water, saline, or isotonic buffered saline (e.g., phosphate buffered to physiological 
pH). Vaccine may also contain small amount of residual materials from the manufacturing 
process, 

[0359] For instance, in some embodiments, the vaccine compositions are lyophilized 

(i.e., freeze-dried). The lyophilized preparation can be combined with a sterile solution (e.g., 
citrate-bicarbonate buffer, buffered water, 0.4% saline, or the like) prior to administration. 
[0360] In some embodiments, the vaccine compositions may further comprise 

additional components known in the art to improve the immune response to a vaccine, such 
as adjuvants or co-stimulatory molecules. In addition to those listed above, possible adjuvants 
include chemokines and bacterial nucleic acid sequences, like CpG. In some embodiments, 
the vaccines comprise antibodies that improve the immune response to a vaccine, such as 
CTLA4. In some embodiments, co-stimulatory molecules comprise one or more factors 
selected from the group consisting of GM-CSF, IL-2, IL-12, IL-14, IL-15, IL-18, B7.1, B7.2, 
and B7-DC are optionally included in the vaccine compositions of the present invention. 
Other co-stimulatory molecules are known to those of ordinary skill in the art. 



127 



WO 2005/071088 



PCT/US2004/044080 



[0361] In additional aspects, the invention provides methods of improving a vaccine 

or immunogenic composition comprising Listeria that express an antigen. Any of the 
polynucleotides, expression cassettes and/or expression vectors described herein may be used 
in these methods. For instance, the invention provides a method of improving a vaccine or 
immunogenic composition comprising a Listeria bacterium, wherein the Listeria bacterium 
expresses a heterologous antigen fused to a signal peptide, comprising codon-optimizing 
either the polypeptide-encoding sequence on the expression cassette, the signal peptide- 
encoding sequence of the expression cassette, or both. The invention provides a method of 
improving a vaccine or immunogenic composition comprising Listeria bacterium, wherein 
the Listeria bacterium expresses a heterologous antigen fused to a signal peptide, comprising 
using a signal peptide fiom a non-Listerial source and/or from a secretory pathway other than 
secAl . 

[0362] Methods of producing the vaccines of the present invention are also provided. 

For instance, in one embodiment, a method of producing a vaccine comprising a recombinant 
bacterium (e.g. a recombinant Listeria bacterium) comprises introducing a recombinant 
nucleic acid molecule into the bacterium, expression cassette, or expression vector described 
herein into a bacterium, wherein the recombinant nucleic acid molecule, expression cassette, 
or expression vector encodes an antigen. For instance, in some embodiments, a recombinant 
nucleic acid molecule comprising (a) a first polynucleotide encoding a signal peptide native 
to a bacterium, wherein the first polynucleotide is codon-optimized for expression in the 
bacterium, and (b) a second polynucleotide encoding an antigen, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, wherein 
the recombinant nucleic acid molecule encodes a fusion protein comprising the signal peptide 
and the antigen, is introduced into a bacterium to produce the vaccine. In some 
embodiments, a recombinant nucleic acid molecule, comprising (a) a first polynucleotide 
encoding a non-secAl bacterial signal peptide, and (b) a second polynucleotide encoding an 
antigen, wherein the second polynucleotide is in the same translational reading frame as the 
first polynucleotide, and wherein the recombinant nucleic acid molecule encodes a fusion 
protein comprising the signal peptide and the antigen, is introduced into the bacterium to 
produce the vaccine. In some embodiments, the recombinant nucleic acid molecule that is 
introduced into the bacterium to produce the vaccine is a recombinant nucleic acid molecule, 
wherein the recombinant nucleic acid molecule comprises (a) a first polynucleotide encoding 
a non-Listerial signal peptide, and (b) a second polynucleotide encoding an antigen that is in 
the same translational reading frame as the first polynucleotide, wherein the recombinant 
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nucleic acid molecule encodes a fusion protein comprising both the non-Listerial signal 
peptide and the antigen. The recombinant nucleic acid molecule used to produce the vaccine 
is, in some embodiments, a recombinant nucleic acid molecule, comprising (a) a first 
polynucleotide encoding a bacterial autolysin, or a catalytically active fragment or 
catalytically active variant thereof, and (b) a second polynucleotide encoding a polypeptide, 
wherein the second polynucleotide is in the same translational reading frame as the first 
polynucleotide, wherein the recombinant nucleic acid molecule encodes a protein chimera in 
which the non-Listerial polypeptide is fused to the autolysin, or catalytically active fragment 
or catalytically active variant thereof, or is inserted within the autolysin, or catalytically 
active fragment or catalytically active variant thereof. In some other embodiments, a method 
of producing a vaccine comprising a recombinant Listeria bacterium is provided, which 
comprises introducing a polycistronic expression cassette, wherein the polycistronic 
expression cassette encodes at least two discrete non-Listerial polypeptides, where at least 
one of the polypeptides is an antigen, into a Listeria bacterium to produce vaccine. 
[0363] Kits comprising any of the recombinant nucleic acid molecules, expression 

cassettes, vectors, bacteria and/or compositions of the invention are also provided. 

X. Methods of use 

[0364] A variety of methods of using the recombinant bacteria or pharmaceutical, 

immunogenic, or vaccine compositions described herein for inducing immune responses, 
and/or preventing or treating conditions in a host are provided. In some embodiments, the 
condition that is treated or prevented is a disease. In some embodiments, the disease is 
cancer. In some embodiments, the disease is an infectious disease. In addition, the 
recombinant bacteria are also useful in the production and isolation of heterologous proteins, 
such as mammalian proteins. 

[0365] As used herein, "treatment" or 'treating" (with respect to a condition or a 

disease) is an approach for obtaining beneficial or desired results including and preferably 
clinical results. For purposes of this invention, beneficial or desired results with respect to a 
disease include, but are not limited to, one or more of the following: improving a condition 
associated with a disease, curing a disease, lessening severity of a disease, delaying 
progression of a disease, alleviating one or more symptoms associated with a disease, 
increasing the quality of life of one suffering from a disease, and/or prolonging survival. 
Likewise, for purposes of this invention, beneficial or desired results with respect to a 
condition include, but are not limited to, one or more of the following: improving a 
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condition, curing a condition, lessening severity of a condition, delaying progression of a 
condition, alleviating one or more symptoms associated with a condition, increasing the 
quality of life of one suffering from a condition, and/or prolonging survival. For instance, in 
those embodiments where the compositions described herein are used for treatment of cancer, 
the beneficial or desired results include, but are not limited to, one or more of the following: 
reducing the proliferation of (or destroying) neoplastic or cancerous cells, reducing metastasis 
of neoplastic cells found in cancers, shrinking the size of a tumor, decreasing symptoms 
resulting from the cancer, increasing the quality of life of those suffering from the cancer, 
decreasing the dose of other medications required to treat the disease, delaying the 
progression of the cancer, and/or prolonging survival of patients having cancer. 
[0366] As used herein, the terms "preventing" disease or "protecting a host" from 

disease (used interchangeably herein) encompass, but are not limited to, one or more of the 
following: stopping, deferring, hindering, slowing, retarding, and/or postponing the onset or 
progression of a disease, stabilizing the progression of a disease, and/or delaying 
development of a disease. The terms "preventing" a condition or "protecting a host" from a 
condition (used interchangeably herein) encompass, but are not limited to, one or more of the 
following: stopping, deferring, hindering, slowing, retarding, and/or postponing the onset or 
progression of a condition, stabilizing the progression of a condition, and/or delaying 
development of a condition. The period of this prevention can be of varying lengths of time, 
depending on the history of the disease or condition and/or individual being treated. By way 
of example, where the vaccine is designed to prevent or protect against an infectious disease 
caused by a pathogen, the terms "preventing" disease or "protecting a host" from disease 
encompass, but are not limited to, one or more of the following: stopping, deferring, 
hindering, slowing, retarding, and/or postponing the infection by a pathogen of a host, 
progression of an infection by a pathogen of a host, or the onset or progression of a disease 
associated with infection of a host by a pathogen, and/or stabilizing the progression of a 
disease associated with infection of a host by a pathogen. Also, by way of example, where 
the vaccine is an anti-cancer vaccine, the terms "preventing" disease or protecting the host" 
from disease encompass, but are not limited to, one or more of the following: stopping, 
deferring, hindering, slowing, retarding, and/or postponing the development of cancer or 
metastasis, progression of a cancer, or a reoccurrence of a cancer. 
[0367] In one aspect, the invention provides a method of inducing an immune 

response in a host to an antigen, comprising administering to the host an effective amount of 
a recombinant bacterium described herein or an effective amount of a composition (e.g., a 
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pharmaceutical composition, immunogenic composition, or vaccine) comprising a 
recombinant bacterium described herein (see, e.g., the Summary of the Invention, Sections I, 
VIII, and IX of the Detailed Description above, or the Examples below). In some 
embodiments, the polypeptide encoded by the recombinant nucleic acid, expression cassette, 
and/or expression vector in the recombinant bacterium comprises the antigen or is a fusion 
protein or protein chimera comprising the antigen. 

[0368] For instance, in one aspect, the invention provides a method of inducing an 

immune response in a host to an antigen comprising administering to the host an effective 
amount of a composition comprising a recombinant bacterium, wherein the recombinant 
bacterium comprises an expression cassette comprising the following: (a) a first 
polynucleotide encoding a signal peptide, wherein the first polynucleotide is codon-optimized 
for expression in the bacterium; (b) a second polynucleotide encoding the antigen, wherein 
the second polynucleotide is in the same translational reading frame as the first 
polynucleotide; and (c) a promoter operably linked to the first and second polynucleotides, so 
that the expression cassette encodes a fusion protein comprising the signal peptide and the 
antigen. 

[0369] In another aspect,.the invention provides a method of inducing an immune 

response in a host to an antigen comprising administering to the host an effective amount of a 
composition comprising a recombinant bacterium comprising an expression cassette, where 
the expression cassette comprises the following: (a) a first polynucleotide encoding a non- 
secAl bacterial signal peptide; (b) a second polynucleotide encoding the antigen in the same 
translational reading frame as the first polynucleotide; and (c) a promoter operably linked to 
the first and second polynucleotides, so that the expression cassette encodes a fusion protein 
comprising the signal peptide and the antigen. 

[0370] In yet another aspect, the invention provides a method of inducing an immune 

response in a host to a non-Listerial antigen comprising administering to the host an effective 
amount of a compositions comprising a recombinant Listeria bacterium comprising a nucleic 
acid molecule, wherein the nucleic acid molecule comprises the following: (a) a 
polynucleotide which encodes the non-Listerial antigen and that is codon-optimized for 
expression in Listeria; and (b) a promoter, operably linked to the polynucleotide encoding 
the antigen. 

[0371] In another aspect, the invention provides a method of inducing an immune 

response in a host to an antigen comprising administering to the host an effective amount of a 
recombinant Listeria bacterium comprising an expression cassette which comprises the 
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following: (a) a first polynucleotide encoding a non-Listerial signal peptide; (b) a second 
polynucleotide encoding the antigen that is in the same translational reading frame as the first 
polynucleotide; and (c) a promoter operably linked to both the first and second 
polynucleotides, wherein the expression cassette encodes a fusion protein comprising both 
the non-Listerial signal peptide and the polypeptide. 

[0372] In some embodiments of the methods of inducing immune responses described 

herein, the bacterium is administered in the form of a pharmaceutical composition, an 
immunogenic composition and/or vaccine composition. 

[0373] In some embodiments, the immune response is an MHC Class I immune 

response. In other embodiments, the immune response is an MHC Class II immune response. 
In still other embodiments, the immune response that is induced by administration of the 
bacteria or compositions is both an MHC Class I and an MHC Class II response. 
Accordingly, in some embodiments, the immune response comprises a CD4+ T-cell response. 
In some embodiments, the immune response comprises a CD8+ T-cell response. In some 
embodiments, the immune response comprises both a CD4+ T-cell response and a CD8+ T- 
cell response. In some embodiments, the immune response comprises a B-cell response 
and/or a T-cell response. B-cell responses may be measured by determining the titer of an 
antibody directed against the antigen, using methods known to those of ordinary skill in the 
art. In some embodiments, the immune response which is induced by the compositions 
described herein is a humoral response. In other embodiments, the immune response which 
is induced is a cellular immune response. In some embodiments, the immune response 
comprises both cellular and humoral immune responses. In some embodiments, the immune 
response is antigen-specific. In some embodiments, the immune response is an antigen- 
specific T-cell response. 

[0374] In addition to providing methods of inducing immune responses, the present 

invention also provides methods of preventing or treating a condition in a host (e.g., a subject 
such as human patient). In some embodiments, the condition is a disease. The methods 
comprise administration to the host of an effective amount of a recombinant bacterium 
described herein, or a composition comprising a recombinant bacterium described herein 
(see, e.g., the Summary of the Invention, Sections I, VIII, and IX of the Detailed Description 
above, or the Examples below). In some embodiments, the disease is cancer. In some 
embodiments, the disease is an infectious disease. 

[0375] For instance, in one aspect, the invention provides a method of preventing or 

treating disease (or condition) in a host comprising administering to the host an effective 
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amount of composition comprising a bacterium, wherein the bacterium comprises an 
expression cassette comprising the following: (a) a first polynucleotide encoding a signal 
peptide, wherein the first polynucleotide is codon-optimized for expression in a bacterium; 
(b) a second polynucleotide encoding a polypeptide (e.g., an antigen and/or a therapeutic 
mammalian protein), wherein the second polynucleotide is in the same translational reading 
frame as the first polynucleotide; and (c) a promoter operably linked to the first and second 
polynucleotides, so that the expression cassette encodes a fusion protein comprising the 
signal peptide and the antigen. 

[0376) In another aspect, the invention provides a method of preventing or treating 

disease (or condition) in a host comprising administering to the host an effective amount of a 
composition comprising a recombinant bacterium, where the bacterium comprises an 
expression cassette, and where the expression cassette comprises the following: (a) a first 
polynucleotide encoding a non-secAl bacterial signal peptide; (b) a second polynucleotide 
encoding a polypeptide (e.g., an antigen and/or mammalian protein) in the same translational 
reading frame as the first polynucleotide; and (c) a promoter operably linked to the first and 
second polynucleotides, so that the expression cassette encodes a fusion protein comprising 
the signal peptide and the antigen. 

[0377] In still another aspect, the invention provides a method of preventing or 

treating disease (or a condition) in a host comprising administering to the host an effective 
amount of a composition comprising a recombinant Listeria bacterium comprising a nucleic 
acid molecule, wherein the nucleic acid molecule comprises the following: (a) a 
polynucleotide which encodes a non-Listerial polypeptide (e.g., an antigen and/or a 
therapeutic mammalian protein) and that is codon-optimized for expression in Listeria; and 
(b) a promoter, operably linked to the polynucleotide encoding the antigen. 
[0378] In another aspect, the invention provides a method of preventing or treating 

disease (or a condition) in a host comprising administering to the host an effective amount of 
a composition comprising a recombinant Listeria bacterium comprising an expression 
cassette which comprises: (a) a first polynucleotide encoding a non-Listerial signal peptide; 
(b) a second polynucleotide encoding a polypeptide (e.g., an antigen and/or a therapeutic 
mammalian protein) that is in the same translational reading frame as the first polynucleotide; 
and (c) a promoter operably linked to both the first and second polynucleotides, wherein the 
expression cassette encodes a fusion protein comprising both the non-Listerial signal peptide 
and the polypeptide. 
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[0379] In some embodiments, the disease is cancer. In some embodiments, where the 

condition being treated or prevented is cancer, the disease is melanoma, breast cancer, 
pancreatic cancer, liver cancer, colon cancer, colorectal cancer, lung cancer, brain cancer, 
testicular cancer, ovarian cancer, squamous cell cancer, gastrointestinal cancer, cervical 
cancer, kidney cancer, thyroid cancer or prostate cancer. In some embodiments, the cancer is 
melanoma. In some embodiments, the cancer is pancreatic cancer. In some embodiments, 
the cancer is colon cancer. In some embodiments, the cancer is prostate cancer. In some 
embodiments, the cancer is metastatic. 

[0380] In other embodiments, the disease is an autoimmune disease. In still other 

embodiments, the disease is an infectious disease or another disease caused by a pathogen 
such as a virus, bacterium, fungus, or protozoa. In some embodiments, the disease is an 
infectious disease. 

[0381] In some embodiments, the use of the recombinant bacteria in the prophylaxis 

or treatment of a cancer comprises the delivery of the recombinant bacteria to cells of the 
immune system of an individual to prevent or treat a cancer present or to which the individual 
has increased risk factors, such as environmental exposure and/or familial disposition. In 
other embodiments, the use of the recombinant bacteria in the prophylaxis or treatment of a 
cancer comprises delivery of the recombinant bacteria to an individual who has had a tumor 
removed or has had cancer in the past, but is currently in remission. 
[0382] In some embodiments, administration of composition comprising a 

recombinant bacterium described herein to a host elicits a CD4+ T-cell response in the host. 
In some other embodiments, administration of a composition comprising a recombinant 
bacterium described herein to a host elicits a CD8+ T-cell response in the host. In some 
embodiments, administration of a composition comprising a recombinant bacterium 
described herein elicits both a CD4+ T-cell response and a CD8+ T-cell response in the host. 
[0383] The efficacy of the vaccines or other compositions for the treatment of a 

condition can be evaluated in an individual, for example in mice. A mouse model is 
recognized as a model for efficacy in humans and is useful in assessing and defining the 
vaccines of the present invention. The mouse model is used to demonstrate the potential for 
the effectiveness of the vaccines in any individual. Vaccines can be evaluated for their ability 
to provide either a prophylactic or therapeutic effect against a particular disease. For 
example, in the case of infectious diseases, a population of mice can be vaccinated with a 
desired amount of the appropriate vaccine of the invention, where the recombinant bacterium 
expresses an infectious disease associated antigen. The mice can be subsequently infected 
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with the infectious agent related to the vaccine antigen and assessed for protection against 
infection. The progression of the infectious disease can be observed relative to a control 
population (either non vaccinated or vaccinated with vehicle only or a bacterium that does not 
contain the appropriate antigen). 

[0384] In the case of cancer vaccines, tumor cell models are available, where a tumor 

cell line expressing a desired tumor antigen can be injected into a population of mice either 
before (therapeutic model) or after (prophylactic model) vaccination with a composition 
comprising a bacterium of the invention containing the desired tumor antigen. Vaccination 
with a recombinant bacterium containing the tumor antigen can be compared to control 
populations that are either not vaccinated, vaccinated with vehicle, or with a recombinant 
bacterium that expresses an irrelevant antigen. The effectiveness of the vaccine in such 
models can be evaluated in terms of tumor volume as a function of time after tumor injection 
or in terms of survival populations as a function of time after tumor injection (e.g., Example 
3 ID). In one embodiment, the tumor volume in mice vaccinated with a composition 
comprising the recombinant bacterium is about 5%, about 10%, about 25%, about 50%, about 
75%, about 90% or about 100% less than the tumor volume in mice that are either not 
vaccinated or are vaccinated with vehicle or a bacterium that expresses an irrelevant antigen. 
In another embodiment, this differential in tumor volume is observed at least about 10, about 
17, or about 24 days following the implant of the tumors into the mice. In one embodiment, 
the median survival time in the mice vaccinated with the composition comprising a 
recombinant bacterium is at least about 2, about 5, about 7 or at least about 10 days longer 
than in mice that are either not vaccinated or are vaccinated with vehicle or bacteria that 
express an irrelevant antigen. 

[0385] The host (i.e., subject) in the methods described herein, is any vertebrate, 

preferably a mammal, including domestic animals, sport animals, and primates, including 
humans. In some embodiments, the host is a mammal. In some embodiments, the host is a 
human. 

[0386] The delivery of the recombinant bacteria, or a composition comprising the 

strain, may be by any suitable method, such as intradermal, subcutaneous, intraperitoneal, 
intravenous, intramuscular, intralymphatic, oral or intranasal, as well as by any route that is 
relevant for any given malignant or infectious disease or other condition. 
[0387] The compositions comprising the recombinant bacteria and an 

immunostimulatory agent may be administered to a host simultaneously, sequentially or 
separately. Examples of immunostimulatory agents include, but are not limited to IL-2, IL- 
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12, GMCSF, IL-15, B7.1, B7.2, and B7-DC and DL-14. Additional examples of stimulatory 
agents are provided in Section DC, above 

[0388] As used herein, an "effective amount" of a bacterium or composition (such as 

a pharmaceutical composition or an immunogenic composition) is an amount sufficient to 
effect beneficial or desired results. For prophylactic use, beneficial or desired results 
includes results such as eliminating or reducing the risk, lessening the severity, or delaying 
the outset of the disease, including biochemical, histologic and/or behavioral symptoms of a 
disease, its complications and intermediate pathological phenotypes presenting during 
development of the disease. For therapeutic use, beneficial or desired results includes clinical 
results such as inhibiting or suppressing a disease, decreasing one or more symptoms 
resulting from a disease (biochemical, histologic and/or behavioral), including its 
complications and intermediate pathological phenotypes presenting during development of a 
disease, increasing the quality of life of those suffering from a disease, decreasing the dose of 
other medications required to treat the disease, enhancing effect of another medication, 
delaying the progression of the disease, and/or prolonging survival of patients. An effective 
amount can be administered in one or more administrations. For purposes of this invention, 
an effective amount of drug, compound, or pharmaceutical composition is an amount 
sufficient to accomplish prophylactic or therapeutic treatment either directly or indirectly. As 
is understood in the clinical context, an effective amount of a drug, compound, or 
pharmaceutical composition may or may not be achieved in conjunction with another drug, 
compound, or pharmaceutical composition. Thus, an effective amount may be considered in 
the context of administering one or more therapeutic agents, and a single agent may be 
considered to be given in an effective amount if, in conjunction with one or more other 
agents, a desirable result may be or is achieved. 

[0389] In some embodiments, for a therapeutic treatment of a cancer, an effective 

amount includes an amount that will result in the desired immune response, wherein the 
immune response either slows the growth of the targeted tumors, reduces the size of the 
tumors, or preferably eliminates the tumors completely. The administration of the vaccine 
may be repeated at appropriate intervals, and may be administered simultaneously at multiple 
distinct sites in the vaccinated individual. In some embodiments, for a prophylactic treatment 
of a cancer, an effective amount includes a dose that will result in a protective immune 
response such that the likelihood of an individual to develop the cancer is significantly 
reduced. The vaccination regimen may be comprised of a single dose, or may be repeated at 
suitable intervals until a protective immune response is established. 
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[0390] In some embodiments, the therapeutic treatment of an individual for cancer 

may be started on an individual who has been diagnosed with a cancer as an initial treatment, 
or may be used in combination with other treatments. For example, individuals who have 
had tumors surgically removed or who have been treated with radiation therapy or by 
chemotherapy may be treated with the vaccine in order to reduce or eliminate any residual 
tumors in the individual, or to reduce the risk of a recurrence of the cancer. In some 
embodiments, the prophylactic treatment of an individual for cancer, would be started on an 
individual who has an increased risk of contracting certain cancers, either due to 
environmental conditions or genetic predisposition. 

[0391] The dosage of the pharmaceutical compositions or vaccines that are given to 

the host will vary depending on the species of the host, the size of the host, and the condition 
or disease of the host. The dosage of the compositions will also depend on the frequency of 
administration of the compositions and the route of administration. The exact dosage is 
chosen by the individual physician in view of the patient to be treated. 
[0392] In some embodiments, the pharmaceutical compositions, immunogenic 

compositions, or vaccines used in the methods comprise recombinant bacteria which 
comprise the recombinant nucleic acid molecules, expression cassettes and/or expression 
vectors described herein. In some embodiments, the recombinant bacteria are modified 
and/or mutant bacteria such as those described in U.S. patent application Serial No. 
10/883,599, entitled "Modified Free-Living Microbes, Vaccine Compositions and Methods of 
Use Thereof," by Thomas W. Dubensky, Jr. et al., filed June 30, 2004, U.S. Patent 
Publication No. 2004/0228877 and U.S. Patent Publication No.2004/0197343, each of which 
is incorporated by reference herein in its entirety. In some embodiments, a single dose of the 
pharmaceutical composition or vaccine comprising such modified and/or mutant bacteria or 
any of the other recombinant bacteria described herein comprises from about 10 2 to about 
10 12 of the bacterial organisms. In another embodiment, a single dose comprises from about 
10 5 to about 10 n of the bacterial organisms. In another embodiment, a single dose comprises 
from about 10 6 to about 10 n of the bacterial organisms. In still another embodiment, a single 
dose of the pharmaceutical composition or vaccine comprises from about 10 7 to about 10 10 of 
the bacterial organisms. In still another embodiment, a single dose of the pharmaceutical 
composition or vaccine comprises from about 10 7 to about 10 9 of the bacterial organisms. 
[0393] In some embodiments, a single dosage comprises at least about 1 x 10 2 

bacterial organisms. In some embodiments, a single dose of the composition comprises at 
least about 1 x 10 5 organisms. In another embodiment, a single dose of the composition or 
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vaccine comprises at least about 1 x 10 6 bacterial organisms. In still another embodiment, a 
single dose of the composition or vaccine comprises at least about 1 x 10 7 of the bacterial 
organisms. 

[0394] In some embodiments, a single dose of the pharmaceutical composition, 

immunogenic composition, or vaccine comprising recombinant, modified and/or mutant 
bacteria described herein comprises from about 1 CFU/kg to about 1 x 10 10 CFU/kg (CFU = 
colony forming units). In some embodiments, a single dose of the composition comprises 
from about 10 CFU/kg to about 1 x 10 9 CFU/kg. In another embodiment, a single dose of the 
composition or vaccine comprises from about 1 x 10 2 CFU/kg to about 1 x 10 8 CFU/kg. In 
still another embodiment, a single dose of the composition or vaccine comprises from about 1 
x 10 3 CFU/kg to about 1 x 10 8 CFU/kg. In still another embodiment, a single dose of the 
composition or vaccine comprises from about 1 x 10 4 CFU/kg to about 1 x 10 7 CFU/kg. In 
some embodiments, a single dose of the composition comprises at least about 1 CFU/kg. In 
some embodiments, a single dose of the composition comprises at least about 10 CFU/kg. In 
another embodiment, a single dose of the composition or vaccine comprises at least about 1 x 
10 2 CFU/kg. In still another embodiment, a single dose of the composition or vaccine 
comprises at least about 1 x 10 3 CFU/kg. In still another embodiment, a single dose of the 
composition or vaccine comprises from at least about 1 x 10 4 CFU/kg. 
[0395] In some embodiments, the proper (i.e., effective) dosage amount for one host, 

such as human, may be extrapolated from the LD 50 data for another host, such as a mouse, 
using methods known to those in the art. 

[0396] In some embodiments, the pharmaceutical composition, immunogenic 

composition, or vaccine comprises antigen-presenting cells, such as dendritic cells, which 
have been infected with recombinant bacteria comprising the recombinant nucleic acid 
molecules, expression cassettes and/or expression vectors described herein. In some 
embodiments, the bacteria have been modified and/or are mutants such as those described in 
U.S. patent application Serial No. 10/883,599, filed June 30, 2004, and U.S. Patent 
Publication Nos. 2004/0228877 and US 2004/0197343, each of which is incorporated by 
reference herein in its entirety. Such antigen-presenting cell based vaccines are described, for 
instance, in the following: International Application No. PCT/US2004/23881, entitled 
"Antigen-Presenting Cell Vaccines and Methods of Use Thereof," by Thomas W. Dubensky, 
Jr. et al., filed July 23, 2004; U.S. patent application Serial No. 10/883,599, filed June 30, 
2004; U.S. Patent Publication No. 2004/0228877; and U.S. Patent Publication No. US 
2004/0197343, each of which is incorporated by reference herein in its entirety. In some 
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embodiments, an individual dosage of an antigen-presenting cell based vaccine comprising 
bacteria such as those described herein comprises between about lxlO 3 to about lxlO 10 
antigen-presenting cells. In some embodiments, an individual dosage of the vaccine 
comprises between about 1x10 s to about 1x1 0 9 antigen-presenting cells. In some 
embodiments, an individual dosage of the vaccine comprises between about lxlO 7 to about 
lxlO 9 antigen-presenting cells. 

[0397] In some embodiments, multiple administrations of the dosage unit are 

preferred, either in a single day or over the course of a week or month or year or years. In 
some embodiments, the dosage unit is administered every day for multiple days, or once a 
week for multiple weeks. 

[0398] The invention further provides the use of any recombinant bacterium 

described herein (i.e., any bacterium comprising a recombinant nucleic acid molecule, 
expression cassette, or vector described herein) in the manufacture of a medicament for 
inducing an immune response in a host to an antigen, wherein a polypeptide encoded by the 
recombinant nucleic acid molecule, expression cassette, and/or vector in the bacterium 
comprises the antigen. In some embodiments, the antigen is a heterologous antigen. The 
invention also provides the use of a recombinant bacterium described herein in the 
manufacture of a medicament for preventing or treating a condition in a host (e.g., a disease 
such as cancer or an infectious disease). The invention further provides the recombinant 
bacteria described herein for use in inducing an immune response in a host to an antigen, 
wherein a polypeptide encoded by the recombinant nucleic acid molecule, expression 
cassette, and/or vector in the bacterium comprises the antigen. The invention further 
provides the recombinant bacteria described herein for use in the prevention or treatment of a 
condition (such as a disease) in a host. 

[0399] The invention also provides a method of inducing MHC class I antigen 

presentation or MHC class II antigen presentation on an antigen-presenting cell comprising 
contacting a bacterium described herein with an antigen-presenting cell. 
[0400] The invention further provides a method of inducing an immune response in a 

host to an antigen comprising, the following steps: (a) contacting a recombinant bacterium 
described herein with an antigen-presenting cell from the host, under suitable conditions and 
for a time sufficient to load the antigen-presenting cells; and (b) administering the antigen- 
presenting cell to the host. 

[0401] Other possible uses of the recombinant nucleic acid molecules, expression 

cassettes, and bacteria will be recognized by those of ordinary skill in the art. For instance, 



139 



WO 2005/071088 



PCT/US2004/044080 



the recombinant nucleic acid molecules, expression cassettes, vectors, and recombinant 
bacteria (and other host cells) described herein are useful for the production and isolation of 
heterologous polypeptides. Accordingly in an alternative aspect, the invention provides a 
method of expressing a polypeptide in a bacterium, comprising (a) introducing an expression 
cassette or vector described herein into bacteria (e.g., via transfection, transformation, or 
conjugation); and (b) growing the bacteria in culture under conditions suitable for protein 
expression. In another alternative aspect, the invention provides a method of producing an 
isolated polypeptide comprising the following: (a) introducing an expression cassette or 
vector described herein into bacteria (e.g., via transfection, transformation, or conjugation); 

(b) growing the bacteria in cell culture under conditions suitable for protein expression; and 

(c) isolating the protein from the bacterial cell culture. Suitable methods of transformation, 
transfection, and conjugation are well known to those of ordinary skill in the art, as are 
methods of culturing and growing bacteria and isolating secreted or non-secreted protein 
from cell culture. 



EXAMPLES 

[0402] The following examples are provided to illustrate, but not to limit, the 

invention. 

Example 1 . Preparation of exemplary mutant Listeria strains. 

[0403] Listeria strains were derived from 10403S (Bishop et al., J. Immunol 

139:2005 (1987)). Listeria strains with in-frame deletions of the indicated genes were 
generated by SOE-PCR and allelic exchange with established methods (Camilli, et al, Mol 
Microbiol 8:143 (1993)). The mutant strain LLO L461T (DP-L4017) was described in 
Glomski, et al, X Cell Biol 1 56: 1 029 (2002), incorporated by reference herein. The actA' 
mutant (DP-L4029) is the DP-L3078 strain described in Skoble et al., J. of Cell Biology, 150: 
527-537 (2000), incorporated by reference herein in its entirety, which has been cured of its 
prophage. (Prophage curing is described in (Lauer et al., J. Bacteriol 184:4177 (2002); U.S. 
Patent Publication No. 2003/0203472).) Construction of an actA'uvrAR strain is described in 
the U.S. provisional application 60/446,051, filed February 6, 2003, as L4029/uvrAB (see, 
e.g. Example 7 of that application), as well as in U.S. Patent Publication No. 2004/0197343. 
D?-lA029uvrAB (a Listeria monocytogenes actA'/uvrAR double deletion mutant) was 
deposited with the American Type Culture Collection (ATCC), at 10801 University Blvd, 
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Manassas, Virginia, 201 10-2209, United States of America, on October 3, 2003, under the 
provisions of the Budapest Treaty on the International Recognition of the Deposit of 
Microorganisms for the Purposes of Patent Procedure, and designated PTA-5563. Additional 
descriptions regarding mutant Listeria are provided in the following applications or 
publications, each of which is incorporated by reference herein in its entirety: U.S. Patent 
Publication No. 2004/0228877; U.S. Patent Publication No. US 2004/0197343; the PCT 
International Application No. PCT/US2004/23881, filed July 23, 2004; and U.S. patent 
application Serial No. 10/883,599, filed June 30, 2004. In addition, an exemplary Listeria 
monocytogenes AactAAinlB double deletion mutant has been deposited with the American 
Type Culture Collection (ATCC), at 10801 University Blvd, Manassas, Virginia, 201 10- 
2209, United States of America, on October 3, 2003, under the provisions of the Budapest 
Treaty on the International Recognition of the Deposit of Microorganisms for the Purposes of 
Patent Procedure, and designated PTA-5562. 

[0404] One non-limiting example of a method of deleting a gene in Listeria 

monocytogenes to generate an attenuated mutant is provided in Example 24, below. 



Example 2. Construction of Listeria strains expressing AH I/O V A or AH1-A5/OVA 

[0405] Mutant Listeria strains expressing a truncated form of a model antigen 

ovalbumin (OVA), the immunodominant epitope from mouse colorectal cancer (CT26) 
known as AH1 (SPSYVYHQF (SEQ ID NO:72)), and the altered epitope AH1-A5 
(SPSYAYHQF (SEQ ID NO:73); Slansky et al., Immunity, 13:529-538 (2000)) were 
prepared. The pPL2 integrational vector (Lauer et al., J. Bacteriol 184:4177 (2002); U.S. 
Patent Publication No. 2003/0203472) was used to derive OVA and AH1-A5/OVA 
recombinant Listeria strains containing a single copy integrated into an innocuous site of the 
Listeria genome. 

A. Construction of OVA-expressing Listeria (DP-L4056). 

[0406] An antigen expression cassette consisting of hemolysin-deleted LLO fused 

with truncated OVA and contained in the pPL2 integration vector (pPL2/LLO-OVA) is first 
prepared. The Listeria-OVA vaccine strain is derived by introducing pPL2/LLO-OVA into 
the phage-cured L. monocytogenes strain DP-L4056 at the PSA (Phage from ScottA) 
attachment site iBNA^-attBB*. 

[0407] PCR is used to amplify the hemolysin-deleted LLO using the following 

template and primers: 
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Source: DP-L4056 genomic DNA 
Primers: 

Forward (KpnI-LLO nts. 1257-1276): 

5 ' -CTC TGGTACCT CCTTTGATTAGTATA1TC (SEQ ID NO:74) 
CT m : LLO-spec: 52°C. Overall: 80°C.) 
Reverse (BamHI-XhoI-LLO nts. 281 1-2792): 

5 ' -CAA TGGATCCCTCGAGA TC ATAATTTACTTCATCCC (SEQ 
IDNO:75) 

(T m : LLO-spec: 52°C. Overall: 102°C.) 
[0408] PCR is also used to amplify the truncated OVA using the following template 

and primers: 

Source: pDP3616 plasmid DNA from DP-E3616 E. coli (Higgins et al., Mol. 

Molbiol. 31:1631-1641 (1999)). 
Primers: 

Forward (Xhol- Ncol OVA cDNA nts. 174-186): 

5 '-ATT TCTCGAGTCCATGGG GGGTTCTCATCATC (SEQ ID 
NO:76) 

(T m : OVA-spec: 60°C. Overall: 88°C.) 
Reverse (Xhol-Notl-Hindlll): 

5 ' -GGT GCTCGAGTGCGGCCGC AAGCTT ( SEQ ID NO:77) 
(T m : Overall: 82°C.) 

[0409] One protocol for completing the construction process involves first cutting the 

LLO amplicon with Kpnl and BamHI and inserting the KpnI/BamHI vector into the pPL2 
vector (pPL2-LLO). The OVA amplicon is then cut with Xhol and NotI and inserted into the 
pPL2-LLO which has been cut with XhoI/NotL (Note: The pPL2 vector does not contain 
any Xhol sites; pDP-3616 contains one Xhol site, that is exploited in the OVA reverse primer 
design.) The construct pPL2/LLO-OVA is verified by restriction analysis (Kpnl-LLO-XhoI- 
OVA-Notl) and sequencing. The plasmid pPL2/LLO-OVA is introduced into E. coli by 
transformation, followed by introduction and integration into Listeria (DP-L4056) by 
conjugation, exactly as described by Lauer et al. (or into another desired strain of Listeria, 
such as an inlff mutant or an inlffactA" double mutant). 

B. Construction of Listeria strains expressing AH1/OVA or AH1-A5/OVA. 
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[0410] To prepare Listeria expressing either the AH1/OVA or the AH1-A5/OVA 

antigen sequences, inserts bearing the antigen are first prepared from oligonucleotides and 

then ligated into the vector pPL2/LLO-OVA (prepared as described above). 

[0411] The following oligonucleotides are used in preparation of the AH1 or AH1-A5 

insert: 

AH1 epitope insert (Clal-PstI compatible ends): 
Top strand oligo (AH1 Top): 

5 '-CGATTCCCCTAGTTATGTTTACCACCAATTTGCTGC A (SEQ ID 
NO:78) 

Bottom strand oligo (AH1 Bottom): 

5 '-GCAAATTGGTGGTAAACATAACTAGGGGAAT (SEQ ID NO:79) 
AHI-A5 epitope insert (Clal-Avall compatible ends): 

The sequence of the AH1-A5 epitope is SPSYAYHQF (SEQ ID NO:73) (5'- 

AGT CCA AGT TAT GCA TAT CAT CAA TTT-3' (SEQ ID 

NO:80)). 

Top: 5 ' -CGATAGTCC AAGTTATGCATATC ATC AATTTGC (SEQ ID 
NO:81) 

Bottom: S'-GTCGCAAATTGATGATATGCATAACTTGGACTAT (SEQ 
IDNO:82) 

[0412] The oligonucletide pair for a given epitope are mixed together at an equimoiar 

ratio, heated at 95 °C for 5 min. The oligonucleotide mixture is then allowed to slowly cool. 
The annealed oligonucleotide pairs are then ligated at a 200 to 1 molar ratio with pPL2- 
LLO/OVA plasmid prepared by digestion with the relevant restriction enzymes. The identity 
of the new construct can be verified by restriction analysis and/or sequencing. 
[0413] The plasmid can then be introduced into E. coli by transformation, followed 

by introduction and integration into Listeria (DP-L4056) by conjugation, exactly as described 
by Lauer et al., or into another desired strain of Listeria, such as an actA" mutant strain (DP- 
L0429), LLO L461T strain (DP-L4017), or actA'/uvrAB r strain (DP-L4029uvrAB). 

Example 3 . Construction of Listeria polynucleotides and expression cassette elements 

A. Cloning vectors 

[0414] Selected heterologous antigen expression cassette molecular constructs were 

inserted into pPL2 (Lauer et. al. 1 Bacteriol. 2002), or pAM401 (Wirth et. al., 1 Bacteriol 
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165:831-836), modified to contain the multiple cloning sequence of pPL2 (Aat II small 
fragment, 171 bps), inserted between blunted Jfta / and Nru / recognition sites, within the 
tetracycline resistance gene (pAM401-MCS, Figure 32). In general, the My promoter and 
(selected) signal peptide sequence was inserted between the unique Kpn I and Bam HI sites in 
the pPL2 or pAM401-MCS plasmid vectors. Selected EphA2 genes (sometimes modified to 
contain N-terminal and C-terminal epitope tags; see description below) were cloned 
subsequently into these constructs between unique Bam HI and Sac I sites. Molecular 
constructs based on the pAM401-MCS plasmid vector were introduced by electroporation 
into selected Listeria monocytogenes strains also treated with lysozyme, utilizing methods 
common to those skilled in the art. The expected plasmid structure in Izs/ma-transfectants 
was verified by isolating DNA from colonies that formed on chloramphenicol-containing 
BHI agar plates (10 |ig/ml) by restriction enzyme analysis. Recombinant Listeria 
transformed with various pAM401-MCS based heterologous protein expression cassette 
constructs were utilized to measure heterologous protein expression and secretion, as 
described below. 

[0415] The pPL2 based heterologous protein expression cassette constructs were 

incorporated into the tRNA^ gene in the genome of selected Listeria strains, according to 
the methods as described previously [Lauer et. al, J. Bacteriol. 184, 4177-4186 (2002)]. 
Briefly, the pPL2 heterologous protein expression cassette constructs plasmid was first 
introduced into the E. coli host strain SM10 (Simon et, al., Bio/Technology 1 :784-791 
(1983)] by electroporation or by chemical means. Subsequently, the pPL2-based plasmid 
was transferred from transformed SM10 to the selected Listeria strains by conjugation. 
Following incubation on drug-selective BHI agar plates containing 7.5 p,g of chloramphenicol 
per ml and 200 jig of streptomycin per ml as described, selected colonies are purified by 
passaging 3 times on plates with the same composition. To verify integration of the pPL2 
vector at the phage attachment site, individual colonies are picked and screened by PCR 
using the primer pair of forward primer NC16 (5'-gtcaaaacatacgctcttatc-3' (SEQ ID NO:94)) 
and reverse primer PL95 (5'-acataatcagtccaaagtagatgc-3 , (SEQ ID NO:95)). Selected 
colonies having the pPL2-based plasmid incorporated into the tRNA^ 8 gene in the genome of 
selected Listeria strains yielded a diagnostic DNA amplicon of 499 bps. 

B, Promoter 

[0416] Heterologous protein expression cassettes contained the prfA-dependent hfy 

promoter, which drives the transcription of the gene encoding Listeriolysin O (LLO), and is 
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activated within the microenvironment of the infected cell. Nucleotides 205586-206000 (414 
bps) were amplified by PCR from Listeria monocytogenes , strain DP-L4056, using the primer 
pair shown below. The region amplified includes the hly promoter and also the first 28 
amino acids of LLO, comprising the secAl signal peptide (see above) and PEST domain. 
The expected sequence of this region for Listeria monocytogenes, strain EGD can be found in 
GenJBank (Accession number: gi|16802048|ref|NC_003210,l|[16802048]). The primers used 
in the PCR reaction are as follows: 
Primer Pair: 

Forward (KpnI-LLO nts. 1257-1276): 

5 5 -CTCTGGTACCTCCTTTGATTAGTATATTC (SEQ ID NO:74) 
Reverse (Bam ///-LLO nts.): 

S^CTC TGGATCCA TCCGCGTGTTTCTTTTCG (SEQ ID NO:84) 
(Restriction endonuclease recognition sites are underlined.) 

[0417] The 422 bp PCR amplicon was cloned into the plasmid vector pCR-XL-TOPO 

(Invitrogen, Carlsbad, CA), according to the manufacturer's specifications. The nucleotide 
sequences of I/stena-specific bases in the pCR-XL-TOPO-A/y promoter plasmid clone was 
determined. Listeria monocytogenes strain DP-L4056 contained eight nucleotide base 
changes flanking the prf A box in the hly promoter, as compared to the EGD strain. The hly 
promoter alignment for the Listeria monocytogenes DP-L4056 and EGD strains is shown in 
Figure 1 below. 

[0418] The 422 bp DNA corresponding to the hly promoter and secAl LLO signal 

peptide were liberated from the pCR-XL-TOPO-Wy promoter plasmid clone by digestion 
with Kpn I and Bam HI, and cloned into the pPL2 plasmid vector (Lauer et. al. 2002 J. Bact), 
according to conventional methods well-known to those skilled in the art. This plasmid is 
kno\vn as pPL2-fc/yP (native). 

C. Shine-Dalgarno Sequence 

[0419] At the 3' end of the promoter is contained a poly-purine Shine-Dalgarno 

sequence, the element required for engagement of the 30S ribosomal subunit (via 16S rRNA) 
to the heterologous gene RNA transcript and initiation of translation. The Shine-Dalgarno 
sequence has typically the following consensus sequence: 5'-NAGGAGGU-N5-io-AUG 
(start codon)-3 5 (SEQ ID NO:85). There are variations of the poly-purine Shine-Dalgarno 
sequence Notably, the Listeria hly gene that encodes listerolysin O (LLO) has the following 
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Shine-Dalgarno sequence: A AGGAGAG TGAAACCCATG (SEQ ID NO:70) (Shine- 
Dalgarno sequence is underlined, and the translation start codon is bolded). 

Example 4. Polynucleotides encoding a fusion protein comprising a secAl signal peptide 

(LLP) and human EphA2 

[0420] The sequence of an expression cassette encoding the full-length human EphA2 

antigen fused to a secAl signal peptide (LLO signal peptide), plus the LLO PEST sequence, 
is shown in Figure 2. The amino acid sequence of the fusion protein encoded by this 
expression cassette is shown in Figure 3. 

Example 5. Codon-optimization of the extracellular domain of human EphA2 fEX2) 

[0421] The sequence encoding the extracellular domain of human EphA2 (amino 

acids 25-526) has been codon-optimized for expression in Listeria monocytogenes. The 
native nucleotide sequence encoding the extracellular domain of human EphA2 is shown in 
Figure 4. The nucleotide sequence for optimal codon usage in Listeria is shown in Figure 5. 
The amino acid sequence of the extracellular domain of human EphA2 is shown in Figure 6. 

Example 6. Polynucleotides encoding an fusion proteins comprising a secAl signal peptide 
(LLO) and the extracellular domain of huEphA2 (EX2) 

A. Polynucleotide without codon-optimization 

[0422] The sequence of a polynucleotide encoding the extracellular domain of human 

EphA2 antigen fused to a secAl signal peptide (LLO signal peptide), plus the LLO PEST 
sequence, is shown in Figure 7. The amino acid sequence of the fusion protein encoded by 
this expression cassette is shown in Figure 8. 

B. Expression cassette with codon-optimized extracellular domain of human EphA2 
[0423] The sequence of an expression cassette encoding the extracellular domain of 
human EphA2 antigen fused to a secAl signal peptide (LLO signal peptide), plus the LLO 
PEST sequence, in which the sequence encoding the extracellular domain of EphA2 is codon- 
optimized for expression in Listeria monocytogenes, is shown in Figure 9. The amino acid 
sequence of the fusion protein encoded by this expression cassette is shown in Figure 1 0. 
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C. Expression cassette with codon-optimized secAl signal peptide and codon-optimized 
extracellular domain of human EpltA2 

[0424] The sequence of an expression cassette encoding the extracellular domain of 

human EphA2 antigen fused to a secAl signal peptide (LLO signal peptide), plus the LLO 
PEST sequence, where the sequences encoding the extracellular domain of EphA2, signal 
peptide and PEST sequence are all codon-optimized for expression in Listeria 
monocytogenes, is shown in Figure 11. The amino acid sequence of the fusion protein 
encoded by this expression cassette is shown in Figure 12. 

Example 7. Codon-optimized expression cassette encoding a fusion protein comprising a Tat 
signal peptide (ft subtilis phoDl and extracellular domain of huEphA2 (EXP 

[0425] The sequence of an expression cassette encoding the extracellular domain of 

EphA2 antigen fused to a Tat signal peptide (ft subtilis phoD) where the sequences encoding 
the extracellular domain of EphA2 and the signal peptide are all codon-optimized for 
expression in Listeria monocytogenes 9 is shown in Figure 13. The amino acid sequence of 
the fusion protein encoded by this expression cassette is shown in Figure 14. 

Example 8. Codon-optimization of the intracellular domain of human EphA2 (CO) 

[0426] The sequence encoding the intracellular domain of human EphA2 (amino 

acids 558-975) has been codon-optimized for expression in Listeria. monocytogenes. The 
native nucleotide sequence encoding the extracellular domain of human EphA2 is shown in 
Figure 15. The nucleotide sequence for optimal codon usage in Listeria is shown in Figure 
16. The amino acid sequence of the extracellular domain of human EphA2 is shown in 
Figure 17. 

Example 9. Polynucleotides encoding fusion proteins comprising a secAl signal peptide 
(LLO) and intracellular domain of huEphA2 (CO) 

A. Polynucleotide without codon-optimization 

[0427] The sequence of a polynucleotide encoding the intracellular domain of human 

EphA2 antigen fused to a secAl signal peptide (LLO), plus the LLO PEST sequence, is 
shown in Figure 1 8. The amino acid sequence of the fusion protein encoded by this 
expression cassette is shown in Figure 19. 
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B. Expression cassette with codon-optimized intracellular domain of human EphA2 
[0428] The sequence of an expression cassette encoding the intracellular domain of 
huEphA2 antigen fused to a secAl signal peptide (LLO signal peptide), plus the LLO PEST 
sequence, in which the sequence encoding the intracellular domain of EphA2 is codon- 
optimized for expression in Listeria monocytogenes, is shown in Figure 20. The amino acid 
sequence of the fusion protein encoded by this expression cassette is shown in Figure 21. 

C. Expression cassette with codon-optimized secAl signal peptide and codon-optimized 
intracellular domain of human EphA2 

[0429] The sequence of an expression cassette encoding the intracellular domain of 

EphA2 antigen fused to a secAl signal peptide (LLO signal peptide), plus the LLO PEST 
sequence, where the sequences encoding the intracellular domain of EphA2, signal peptide 
and PEST sequence are all codon-optimized for expression in Listeria monocytogenes, is 
shown in Figure 22. The amino acid sequence of the fusion protein encoded by this 
expression cassette is shown in Figure 23. 

Example 1 0. Codon-optimized expression cassette encoding a fusion protein comprising B. 
subtilis phoD signal peptide and intracellular domain of huEphA2 (CO) 

[0430] The sequence of an expression cassette encoding the intracellular domain of 

EphA2 antigen fused to a Tat signal peptide (B. subtilis phoD) where the sequences encoding 
the intracellular domain of EphA2 and the signal peptide are all codon-optimized for 
expression in Listeria monocytogenes, is shown in Figure 24. The amino acid sequence of 
the fusion protein encoded by this expression cassette is shown in Figure 25. 

Example 1 1 . Codon-optimized expression cassette encoding a fusion protein comprising 

LLO signal peptide and NY-ESO-1 

[0431] An expression cassette was designed for expression of the human testis cancer 

antigen NY-ESO-1 (Genbank Accession No. NM_001327) in Listeria monocytogenes. The 
sequence of the expression cassette encoding the NY-ESO-1 fused to a secAl signal peptide 
(LLO), plus the LLO PEST sequence, is shown in Figure 26. The sequences coding for the 
antigen as well as the signal peptide in the expression cassette were codon-optimized for 



148 



WO 2005/071088 



PCT7US2004/044080 



expression in Listeria monocytogenes. The amino acid sequence of the fusion protein 
encoded by this expression cassette is shown in Figure 27. 

Example 12. Codon-optimized expression cassette for encoding antigens fused to a non- 
• Listerial secAl signal peptide (L Lactis usp45) 

[0432] An expression cassette was designed for expression of heterologous antigens 

in Listeria monocytogenes using a non-Listerial secAl signal peptide. The amino acid 
sequence of the usp45 signal peptide from Lactococcus lactis (Steidler et al., Nature 
Biotechnology, 21:785-9 (2003)), its native coding sequence, and the coding sequence 
optimized for expression in Listeria monocytogenes is shown below. 



Amino acid sequence: 

MKKKIISAILMSTVILSAAAPLSGVYA'DT (SEQ ID NO:46) 
Signal peptidase recognition site: VYA-DT (SEQ ID NO:55) 

Native nucleotide sequence: 

S'ATGAAAAAAAAGATTATCTCAGCTATrTTAATGTCTACAGTGATACm 
GCAGCCCCGTTGTC AGGTGTTTACGCTGACACA3 ' (SEQ IDNO:86) 

Codons optimized for expression in Listeria monocytogenes: 
5'ATGAAAAAAAAAATTATTAGTGCAATTT^ 

GCAGC ACCATTAAGTGGTGTTTATGC AGATAC A3 ' (SEQ ID NO:87) 



[0433] The sequence of a partial expression cassette comprising the hly promoter 

from Listeria monocytogenes operably linked to the codon-optimized sequence encoding the 
Usp45 signal peptide is shown in Figure 28. This sequence can be combined with either a 
codon-optimized or non-codon-optimized antigen sequence for expression of a fusion protein 
comprising the Usp45 signal peptide and the desired antigen. 



Example 13. Codon-optimized expression cassette and vector for encoding antigens fused to 

a secA2 signal peptide (p60) 



A. Design of codon-optimized expression cassette 

[0434] An expression cassette was designed for expression of heterologous antigens 

in Listeria monocytogenes using the secA2 secretion pathway. The amino acid sequence of 
the p60 signal peptide from Listeria monocytogenes, its native coding sequence, and the 
coding sequence optimized for expression in Listeria monocytogenes is shown below. 
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Amino acid sequence: 

MhMKKATIAATAGIAVTAFAAPTIASA'ST (SEQ ID NO:48) 
Signal peptidase recognition site: ASA-ST (SEQ ID NO:57) 

Native nucleotide sequence: 

5'ATGAATATGAAAAAAGCAACTATCGCGGCTACAGCTGGGATTGCGGTAACAGC 
ATTTGCTGCGCCAACAATCGCATCCGCAAGCACT3 1 (SEQ ID NO: 90) 

Codons optimized for expression in Listeria monocytogenes: 

5'ATGAATATGAAAAAAGCAACAATTGCAGCAACAGCAGGTATTGCAGTTACAGC 
ATTTGC AGCACC AAC AATTGC AAGTGC AAGTAC A3 ' (SEQ ID NO:91) 

[0435] The sequence of a partial expression cassette comprising the hly promoter 

from Listeria monocytogenes operably linked to the native sequence encoding the p60 signal 
peptide is shown in Figure 29. The sequence of a partial expression cassette comprising the 
hly promoter from Listeria monocytogenes operably linked to the codon-optmized sequence 
encoding the p60 signal peptide is shown in Figure 30. 

B. Construction of pPL2-hlypro j>60. 

[0436] An expression cassette can also be constructed in which the antigen-encoding 

sequence is inserted in frame in one or more sites within the coding sequence of the p60 gene. 
A description of the construction of a partial expression cassette useful for inserting antigen 
sequences in frame within the p60 sequence is described below. This partial expression 
cassette contains an hly promoter. 

[0437] Individual primary PCR reactions using Pfx or Vent polymerase are performed 

using the following primers and pPL2-hlyP-OVA (identical to pPL2/LLO-OVA described 
above in Example 2A) as a first template: 

pPL2-5F: 5 '-GACGTCAATACGACTCACTATAG (SEQ ID NO:92) 

p60-hlyP-237R: 5'- 
CTTITITCATAra (SEQ ID NO:93) 

The size of the resulting amplicon is 285 bps. 

[0438] Individual primary PCR reactions using Pfx or Vent polymerase are also 

performed using the following primers and pCR-TOPO-p60 as a second template. (The 
vector pCR-TOPO-p60 is made from a pCR-TOPO vector obtained from Invitrogen, 
Carlsbad, California in which the genomic p60 sequence from Listeria monocytogenes has 
been inserted. Any other of the many alternative sources of the p60 coding sequence that are 
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available could be used as a template instead.) The primers used in this PCR reaction are as 
follows: 

hlyP-p60-lF: 5'- 

AAGGAGAGTGAAACCCATGAATATGAAAAAAGCAAC (SEQ ID NO:88) 

pCR-TOPO-2283R: 5'-GTGTGATGGATATCTGCAGAATTC (SEQ ID 

NO:89) 

The size of the resulting amplicon is 1510 bps. The PCR reactions are then cleaned with S6 
columns (Bio-Rad Laboratories, Hercules, California). 

[0439] A secondary PCR reaction is then performed, using approximately 5 jj! of 

each primary PCR reaction as template. The secondary PCR reaction uses the following 
primers: 

KpnI-LLO 1257F (primer used previously): 

5'CTCTGGTACCTCCTTTGATTAGTATATTC (SEQ ID NO:74) andpCR-TOPO-2258R: 
5 5 -CCCTTGGGGATCCTTAATTATACG (SEQ ID NO:83). The size of the resulting 
amplicon is 1715 bps. The expected amplicon sizes in all PCR reactions are verified by 
agarose gel analysis. The secondary PCR reaction is cleaned, digested with BamHI, cleaned 
again, and digested with KpnI. The hlyP~p60 gene fragment (KpnI-BamHI) (Figure 30) is 
then ligated between the BamHI and KpnI sites of both pPL2 and modified pAM401 
(pAM401-MCS; Figure 32) plasmids . 

[0440] The construction of pPL2-p60 plasmid is then confirmed with BamHI I KpnI 

(1697, 6024 bps) and HindHI (210, 424, 3460, 3634 bps) digests. The PstI site in P PL2-p60 
plasmid is also confirmed as unique. (Also, KpnI/ PstI digest will yield fragments of 736 and 
6985 bps.) The construction of the pAM401-p60 plasmid (KpnI / PstI, and KpnI / BamHI 
fragments from p60 region is the same as that for the pPL2 construct. 
[0441] Large prep isolations of each plasmid are then prepared using methods known 

to those of ordinary skill in the art. 

[0442] The desired antigen-encoding sequences can then be inserted within the p60 

sequence and in the same translational frame as the p60 sequence using techniques well 
known to those of ordinary skill in the art. Typically, the insertion or insertions should leave 
theN-terminal signal peptide sequence of p60 intact. The C-terminal autolysin sequence of 
p60 should also be left intact 
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Example 14. Codon-optimization of human mesothelin-encoding sequences for expression in 

Listeria monocytogenes 
[0443] A codon-optimized polynucleotide sequence encoding human mesothelin, a 

cancer antigen, is shown in Figure 33. The sequence shown in Figure 32 has been codon- 
optimized for expression in Listeria monocytogenes. The polypeptide sequence encoded by 
the sequence in Figure 33 is shown in Figure 34. 

Example 15. Codon-optimization of murine mesothelin-encoding sequences for expression 

in Listeria monocytogenes 
[0444] A codon-optimized polynucleotide sequence encoding human mesothelin, a 

cancer antigen, is shown in Figure 35. The sequence shown in Figure 35 has been codon- 
optimized for expression in Listeria monocytogenes. The polypeptide sequence encoded by 
the sequence in Figure 35 is shown in Figure 36. 

Example 16. Integration of an expression cassette into the Listeria chromosome via allelic 

exchange 

[0445] As one possible alternative to using an integration vector such as pPL2 to 

insert the heterologous gene expression cassette into the chromosome of Listeria, allelic 
exchange may be used. 

[0446] Briefly, bacteria electroporated with the pKSV7-heterologous protein 

expression cassette plasmid are selected by plating on BHI agar media containing 
chloramphenicol (10 ^g/ml), and incubated at the permissive temperature of 30°C. Single 
cross-over integration into the bacterial chromosome is selected by passaging several 
individual colonies for multiple generations at the non-permissive temperature of 41 °C in 
media containing chloramphenicol. Finally, plasmid excision and curing (double cross-over) 
is achieved by passaging several individual colonies for multiple generations at the 
permissive temperature of 30°C in BHI media not containing chloramphenicol. Verification 
of integration of the heterologous protein expression cassette into the bacteria chromosome is 
verified by PCR, utilizing a primer pair that amplifies a region defined from within the 
heterologous protein expression cassette to the bacterial chromosome targeting sequence not 
contained in the pKS V7 plasmid vector construct. 

Example 17. Cloning and insertion of EphA2 into pPL2 vectors for expression in selected 
recombinant Listeria monocytogenes strains. 
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[0447] The external (EX2) and cytoplasmic (CO) domains of EphA2 which flank the EphA2 
transmembrane helix were cloned separately for insertion into various pPL2-signal peptide 
expression constructs. Genes corresponding to the native mammalian sequence or codon- 
optimized for expression in Listeria monocytogenes of EphA2 EX2 and CO domains were 
used. The optimal codons in Listeria (see Table 3, above) for each of the 20 amino acids 
were utilized for codon-optimized EphA2 EX2 and EphA2 CO, The codon-optimized 
EphA2 EX2 and CO domains were synthesized by extension of overlapping oligonucleotides, 
using techniques common to those skilled in the art. The expected sequence of all 
synthesized EphA2 constructs was verified by nucleotide sequencing. 
[0448] The primary amino acid sequences, together with the native and codon-optimized 
nucleotide sequences for the EX2 and CO domains of EphA2 are shown in Figures 4-6 (EX2 
sequences) and Figures 15-17 (CO domain sequences) 

[0449] Additonally, FLAG (Stratagene, La Jolla, CA) and myc epitope tags were inserted, 
respectively, in-frame at the amino and carboxy termini of synthesized EphA2 EX2 and CO 
genes for detection of expressed and secreted EphA2 by Western blot analysis using 
antibodies specific for the FLAG or proteins. Thus, the expressed protein had the following 
ordered elements: NH 2 -SignalPeptide-FLAG-EphA2-myc-C0 2 . Shown below are the 
FLAG and myc epitope tag amino acid and codon-optimized nucleotide sequences: 
FLAG: 

5 ' -GATTATAAAGATGATG ATGATAAA (SEQ ID NO:96) 
NH 2 -DYKDDDDK-C0 2 (SEQ IDNO:97) 

Myc: 

5 5 -GAAC AAAAATTAATTAGTG AAGAAG ATTT A (SEQ ID NO:98) 
NH2-EQKLISEEDL-CO2 (SEQ ID NO:99) 

Example 18. Detection of synthesized and secreted heterologous proteins bv Western blot 

analysis. 

[0450] Synthesis of EphA2 protein and secretion from various selected recombinant 

Listeria-EphA2 strains was determined by Western blot analysis of trichloroacetic acid 
(TCA) precipitated bacterial culture fluids. Briefly, mid-log phase cultures of Listeria grown 
in BHI media were collected in a 50 mL conical centrifuge tube, the bacteria were pelleted, 
and ice-cold TCA was added to a final [6%] concentration to the bacterial culture supernatant 
and incubated on ice minimally for 90 min or overnight. The TCA-precipitated proteins were 
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collected by centrifugation at 2400 X g for 20 min at 4°C. The pellet was then resuspended in 
300-600 ^1 volume of TE, pH 8.0 containing 15 ng/ml phenol red. Sample dissolution was 
facilitated by vortexing. Sample pH was adjusted by NH4OH addition if necessary until color 
was pink. All samples were prepared for electrophoresis by addition of 100 \il of 4X SDS 
loading buffer and incubating for 10 min. at 90°C. The samples were then centrifuged from 5 
min at 14,000 xpm in a micro-centrifiige, and the supernatants collected and stored at -20°C 
For Western bolt analysis, 20 \i\ of prepared fractions (the equivalent of culture fluids from of 
1-4 x 10 9 bacteria), were loaded on the 4-12% SDS-PAGE gel, electrophoreses and the 
proteins were transferred to PDDF membrane, according to common methods used by those 
skilled in the art. Transferred membranes were prepared s for incubation with antibody, by 
incubating in 5% dry milk in PBS for 2 hr. at room temperature with agitation. Antibodies 
were used under the following dilutions in PBST buffer (0.1% Tween 20 in PBS): (1) Rabbit 
anti-Myc polyclonal antibody (ICL laboratories, Newberg, Oregon) at 1:10,000; (2) murine 
anti-FLAG monoclonal antibody (Stratagene, La Jolla, CA) at 1 :2,000; and, (3) Rabbit anti- 
EphA2 (carboxy terminus-specific) polyclonal antibody (sc-924, Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA). Specific binding of antibody to protein targets was evaluated by 
secondary incubation with goat anti-rabbit or anti-mouse antibody conjugated with 
horseradish peroxidase and detection with the ECL chemilumenescence assay kit 
(Amersham), and exposure to film. 



Example 19. Secretion of EphA2 protein by recombinant Listeria encoding various forms of 

EphA2. 

A. Listeria: [strains DP-L4029 (actA) or DP-L4Q1 7 (LLO L461T)] 

Expression cassette construct: LLOss-PEST-CO-EphA2 
[0451] The native sequence of the EphA2 CO domain was genetically fused to the 

native secAl LLO sequence, and the heterologous antigen expression cassette under control 
of the Listeria hly promoter was inserted into the pPL2 plasmid between the Kpn I and Sac I 
sites as described above. The pPL2-EphA2 plasmid constructs were introduced by 
conjugation into the Listeria strains DP-L4029 (actA") and DP-L4017 (L461T LLO) as 
described above. Figure 37 shows the results of a Western blot analysis of TCA-precipitated 
bacterial culture fluids of 4029-EphA2 CO and 4017-EphA2 CO. This analysis demonstrated 
that recombinant Listeria engineered to contain a heterologous protein expression cassette 
comprised of native sequences corresponding to the secAl and EphA2 CO fusion protein 



154 



WO 2005/071088 



PCT/US2004/044080 



secreted multiple EphA2-specific fragments that were lower than the 52 kDa expected 
molecular weight, demonstrating the need for modification of the expression cassette. 



B. Listeria: [DP-L4029 (act A') J 
Expression cassette constructs: 

1. Native LLOss-PEST-FLAG-EX2_EphA2-myc-CodonOp 

2. (CodonOp) LLOss-PEST-(CodonOp)FLAG-EX2JEphA2-myc 

[0452] The native secAl LLO signal peptide sequence or secAl LLO signal peptide 

sequence codon-optimized for expression in Listeria was fused genetically with the EphA2 
EX2 domain sequence codon-optimized for expression in Listeria, and the heterologous 
antigen expression cassette under control of the Listeria hly promoter was inserted into the 
pPL2 plasmid between the Kpn I and Sac I sites as described above. The pPL2-EphA2 
plasmid constructs were introduced by conjugation into the Listeria strain DP-L4029 (actA) 
as described above. Figure 38 shows the results of a Western blot analysis of TCA- 
precipitated bacterial culture fluids of Listeria actA encoding either the native or codon- 
optimized secAl LLO signal peptide fused with the codon-optimized EphA2 EX2 domain. 
This analysis demonstrated that the combination of utilizing sequence for both signal peptide 
and heterologous protein optimized for the preferred codon usage in Listeria monocytogenes 
resulted in expression of the expected full-length EphA2 EX2 domain protein. Expression of 
full-length EphA2 EX2 domain protein was poor with codon-optimization of the EphA2 
coding sequence alone. The level of heterologous protein expression (fragmented or full- 
length) was highest when utilizing the Listeria monocytogenes LLO secAl signal peptide, 
codon-optimized for expression in Listeria monocytogenes. 



C Listeria: [DP-L4029 (actA)] 
Expression cassette constructs: 

3. Native LLOss-PEST-(CodonOp) FLAG-EphA2jCO-myc 

4. CodonOp LLOss-PEST-(CodonOp) FLAG- EphA2jCO-myc 

5. CodonOp PhoD~(CodonOp) FLAG- EphA2jCO-myc 

[0453] The native secAl LLO signal peptide sequence or the secAl LLO signal 

peptide sequence codon-optimized for expression in Listeria, or, alternatively, the Tat signal 
peptide of the phoD gene from Bacillus subtilis codon-optimized for expression in Listeria, 
was fused genetically with the EphA2 CO domain sequence codon-optimized for expression 
in Listeria, and the heterologous antigen expression cassette under control of the Listeria hly 
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promoter was inserted into the pAM401-MCS plasmid between the Kpn I and Sac I sites as 
described above. The pAM401-EphA2 plasmid constructs were introduced by 
electroporation into the Listeria strain DP-L4029 (actA) as described above. Figure 39 shows 
the results of a Western blot analysis of TCA-precipitated bacterial culture fluids of Listeria 
actA encoding either the native or codon-optimized secAl LLO signal peptide, or codon- 
optimized Bacillus subtilis phoD Tat signal peptide fused with the codon-optimized EphA2 
CO domain. This analysis demonstrated once again that the combination of utilizing 
sequence for both signal peptide and heterologous protein optimized for the preferred codon 
usage in Listeria monocytogenes resulted in expression of the expected full-length EphA2 CO 
domain protein. Furthermore, expression and secretion of the expected full-length EphA2 
CO domain protein resulted from recombinant Listeria encoding codon-optimized Bacillus 
subtilis phoD Tat signal peptide fused with the codon-optimized EphA2 CO domain. This 
result demonstrates the novel and unexpected finding that signal peptides from distinct 
bacterial species can be utilized to program the secretion of heterologous proteins from 
recombinant Listeria. Expression of full-length EphA2 CO domain protein was poor with 
codon-optimization of just the EphA2 sequence. The level of heterologous protein 
expression was highest when utilizing signal peptides codon-optimized for expression in 
Listeria monocytogenes. 

D. Transfection of 293 cells with pCDNA4 plasmids encoding full-length EphA2 
Expression cassette constructs: 
6. pCDNA4-EphA2 

[0454] The native full-length EphA2 gene was cloned into the eukaryotic CMV 

promoter-based expression plasmid pCDNA4 (Invitrogen, Carlsbad, CA). Figure 40 shows 
the results of a Western blot analysis of lysates prepared from 293 cells transfected with the 
pCDNA4-EphA2 plasmid, and demonstrates the abundant expression in mammalian cells of 
full-length EphA2 protein. 

Example 20. Therapeutic efficacy in Balb/C mice bearing CT26 tumors encoding human 
EphA2 immunized with recombinant Listeria encoding codon-optimized EphA2. 

[0455] The following data presented in Figures 41-44 demonstrated the following: 

[0456] Immunization of Balb/C mice bearing CT26.24 (huEphA2+) lung tumors with 

recombinant Listeria encoding OVA. AH 1 (MMTV gp70 immunodominant epitope) or 
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OVA.AH1-A5 (MMTV gp70 immimodominant epitope, with heteroclitic change for 
enhanced T-cell receptor binding) confers long-term survival (Figure 41). 
[0457] The EphA2 CO domain is strongly immunogenic, and a significant long term 

increase in survival of Balb/C mice bearing CT26.24 (huEphA2+) lung tumors was observed 
when immunized with recombinant Listeria encoding codon-optimized or native EphA2 CO 
domain sequence (Figure 43). 

[0458] The EphA2 EX2 domain is poorly immunogenic, and increased survival of 

Balb/C mice bearing CT26.24 (huEphA2+) lung tumors was observed only when immunized 
with recombinant Listeria encoding codon-optimized secAl signal peptide fused with the 
codon-optimized EphA2 EX2 domain sequence. Therapeutic efficacy was not observed in 
mice when immunized with recombinant Listeria encoding native secAl signal peptide fused 
with the codon-optimized EphA2 EX2 domain sequence (Figure 42). The desirability of 
using both codon-optimized secAl signal peptide and EphA2 EX2 domain sequences was 
supported by statistically significant therapeutic anti-tumor efficacy, as shown in Table 4, 
below. 



Table 4. Comparison by log-rank test of survival curves shown in Figure 42. 



Experimental Group 


Median Survival 
(Days) 


Significance versus 
HBSS cohort 
(p value) 


Significance versus 

actA-native 
secAl/EphA2EX2 
cohort 
(p value) 


HBSS 


19 






actA 


20 


NS 


NS 


actA-mtiyQ secAl- 
EphA2 EX2 (native) 


19 


NS 




acM-native secAl- 
EphA2EX2 (CodOp) 


24 


0.0035 


NS 


actA-CodOp secAl- 
EphA2 EX2 (CodOp) 


37 


0.0035 


0.0162 


0c*/4-native secAl- 
EphA2 CO (CodOp) 


>99 


0.0035 


0.0015 



[0459] Significantly, even though pCDNA4-EphA2 plasmid transfected 293 cells 

yielded very high levels of protein expression, immunization of Balb/C mice bearing 
CT26.24 (huEphA2+) lung tumors with the pCDNA4-EphA2 plasmid did not result in any 
observance of therapeutic anti-tumor efficacy (Figure 44). 

[0460] For therapeutic in vivo tumor studies, female Balb/C mice were implanted IV 

with 5 x 10 5 CT26 cells stably expressing EphA2. Three days later, mice Avere randomized 
and vaccinated IV with various recombinant Listeria strains encoding EphA2. In some cases 
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(noted in figures) mice were vaccinated with 100 [xg of pCDNA4 plasmid or pCDNA4- 
EphA2 plasmid in the tibialis anterior muscle. As a positive control, mice were vaccinated 
IV with recombinant Listeria strains encoding OVA.AHI or OVA.AH1-A5 protein chimeras. 
Mice were vaccinated on days 3 and 14 following tumor cell implantation. Mice injected 
with Hanks Balanced Salt Solution (HBSS) buffer or unmodified Listeria served as negative 
controls. All experimental cohorts contained 5 mice. For survival studies mice were 
sacrificed when they started to show any signs of stress or labored breathing. 

Example 21 . Assessment of antigen-specific immune responses after vaccination. 

[0461] The vaccines of the present invention can be assessed using a variety of in 

vitro and in vivo methods. Some assays involve the analysis of antigen-specific T cells from 
the spleens of mice that have been vaccinated. Provided in this example are non-limiting 
examples of methods of assessing in vitro and in vivo immune responses. The antigens 
recited in these exemplary descriptions of assays are model antigens, not necessarily antigens 
produced using the recombinant nucleic acid molecules, expression cassettes, and/or 
expression vectors described herein. One of ordinary skill in the art will readily recognize 
that the assays described in this example can readily be applied for use in assessing the in 
vitro or in vivo immune responses of bacteria comprising the recombinant nucleic acid 
molecules, expression cassettes, and/or expression vectors described herein. 
[0462] For example C57B1/6 or Balb/c are vaccinated by intravenous injection of 0.1 

LD50 of a Listeria strain expressing OVA (or other appropriate antigen). Seven days after the 
vaccination, the spleen cells of the mice are harvested (typically 3 mice per group) by placing 
the spleens into ice cooled RPM 1640 medium and preparing a single cell suspension from 
this. As an alternative, the lymph nodes of the mice could be similarly harvested, prepared as 
a single cell suspension and substituted for the spleen cells in the assays described below. 
Typically, spleen cells are assessed for intravenous or intraperitoneal administration of the 
vaccine while spleen cells and cells from lymph nodes are assessed for intramuscular, 
subcutaneous or intradermal administration of the vaccine. 

[0463] Unless otherwise noted, all antibodies used in these examples can be obtained 

from Pharmingen, San Diego, CA. 

[0464] ELISPOT Assay: Using a Listeria strain having an OVA antigen as an 

example, the quantitative frequency of antigen-specific T cells generated upon immunization 
in a mouse model is assessed using an ELISPOT assay. The antigen-specific T cells 
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evaluated are OVA specific CD8+ or LLO specific CD8+ or CD4+ T cells. This OVA 
antigen model assesses the immune response to a heterologous tumor antigen inserted into 
the vaccine and could be substituted with any antigen of interest. The LLO antigen is 
specific to Listeria, The specific T cells are assessed by detection of cytokine release (e.g. 
EFN-y) upon recognition of the specific antigen. PVDF-based 96 well plates (BD 
Biosciences, San Jose, CA) are coated overnight at 4°C with an anti-murine IFN-7 
monoclonal antibody (mAb R4; 5 jig/ml). The plates are washed and blocked for 2 hours at 
room temperature with 200 |uL of complete RPMI. Spleen cells from vaccinated mice (or 
non vaccinated control mice) are added at 2 x 10 5 cells per well and incubated for 20 to 22 
hours at 37°C in the presence of various concentrations of peptides ranging from O.01 to 10 
\M. The peptides used for OVA and LLO are either SL8, an MHC class I epitope for OVA, 
LLO190 (NEKYAQAYPNVS (SEQ ID NO: 100) Invitrogen) an MHC class II epitope for 
listeriolysin O (Listeria antigen), LLO296 (VAYGRQVYL (SEQ ID NO:101) an MHC class I 
epitope for listeriolysin O, or LLO91 (GYKDGNEYI (SEQ ID NO: 102)), an MHC class I 
epitope for listeriolysin O. LLO190 and LLO296 are used in a C57B1/6 model, while LLO91 is 
used in a Balb/c model. After washing, the plates are incubated with secondary biotinylated 
, antibodies specific for IFN-y (XMG1.2) diluted in PBS to 0.5jig/ml. After incubation at 
room temperature for 2 hours, the plates are washed and incubated for 1 hour at 37 °C with a 
1 ran gold goat anti-biotin conjugate (GAB-1; 1 :200 dilution; Ted Pella, Redding, CA) 
diluted in PBS containing 1 % BSA. After thorough washing, the plates are incubated at 
room temperature for 2 to 10 minutes with substrate (Silver Enhancing Kit; 30 ml/well; Ted 
Pella) for spot development. The plates are then rinsed with distilled water to stop the 
substrate reaction. After the plates have been air-dried, spots in each well are counted using 
an automated ELISPOT plate reader (CTL, Cleveland, OH). The cytokine response is 
expressed as the number of IFN-y spot-forming cells (SFCs) per 2 x 10 5 spleen cells for either 
the OVA specific T cells or the Listeria specific T cells 

[0465] Intracellular Cytokine Staining Assay (ICS): In order to further assess the 

number of antigen-specific CD8+ or CD4+ T cells and correlate the results with those 
obtained from ELISPOT assays, ICS is performed and the cells evaluated by flow cytometry 
analysis. Spleen cells from vaccinated and control groups of mice are incubated with SL8 
(stimulates OVA specific CD8+ cells) or LLO i9 o (stimulates LLO specific CD4+ cells) for 5 
hours in the presence of Brefeldin A (Pharmingen). The Brefeldin A inhibits secretion of the 
cytokines produced upon stimulation of the T cells. Spleen cells incubated with an irrelevant 
MHC class I peptide are used as controls. PMA (phorbol-12-myristate- 13 -acetate, Sigma) 20 
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ng/ml and ionomycin (Sigma) 2 ng/ml stimulated spleen cells are used as a positive control 
for IFN-y and TNF-a intracellular cytokine staining. For detection of cytoplasmic cytokine 
expression, cells are stained with FITC-anti-CD4 mAb (RM 4-5) and PerCP-anti-CD8 mAb 
(53-6.7), fixed and permeabilized with Cytofix/CytoPerm solution (Pharmingen), and stained 
with PE-conjugated anti-TNF-a mAb (MP6-XT22) and APC-conjugated anti-IFN-y mAb 
(XMG1 .2) for 30 minutes on ice. The percentage of cells expressing intracellular IFN-y 
and/or TNF-a was determined by flow cytometry (FACScalibur, Becton Dickinson, 
Mountain View, CA) and data analyzed using CELLQuest software (Becton Dickinson 
Immunocytometry System). As the fluorescent labels on the various antibodies can all be 
distinguished by the FACScalibur, the appropriate cells are identified by gating for those 
CD8+ and CD4+ that are stained with either or both of the anti-IFN-y or anti-TNF-a. 
[0466] Cytokine Expression of Stimulated Spleen Cells: The level of cytokine 

secretion by the spleen cells of mice can also be assessed for control and vaccinated C57B1/6 
mice. Spleen cells are stimulated for 24 hours with SL8 or LLOm- Stimulation with 
irrelevant peptide HSV-gB2 (Invitrogen, SSIEFARL, SEQ ID NO:4) is used as a control. 
The supernatants of the stimulated cells are collected and the levels of T helper- 1 and T 
helper 2 cytokines are determined using an ELISA assay (eBiosciences, CO) or a Cytometric 
Bead Array Kit (Pharmingen). 

[0467] Assessment of Cytotoxic T cell Activity: The OVA specific CD8+ T cells can 

be further evaluated by assessing their cytotoxic activity, either in vitro or directly in C57B1/6 
mouse in vivo. The CD8+ T cells recognize and lyse their respective target cells in an 
antigen-specific manner. In vitro cytotoxicity is determined using a chromium release assay. 
Spleen cells of naive and Listeria-OVA (internal) vaccinated mice are stimulated at a 10: 1 
ratio with either irradiated EG7.0VA cells (EL-4 tumor cell line transfected to express OVA, 
ATCC, Manassas, VA) or with 100 nM SL8, in order to expand the OVA specific T cells in 
the spleen cell population. After 7 days of culture, the cytotoxic activity of the effector cells 
is determined in a standard 4-hour 51Cr-release assay using EG7.0VA or SL8 pulsed EL-4 
cells (ATCC, Manassas, VA) as target cells and EL-4 cells alone as negative control. The 
YAC-1 cell line (ATCC, Manassas, VA) is used as targets to determine NK cell activity, in 
order to distinguish the activity due to T cells from that due to NK cells. The percentage of 
specific cytotoxicity is calculated as 100 x (experimental release - spontaneous release) / 
(maximal release - spontaneous release). Spontaneous release is determined by incubation of 
target cells without effector cells. Maximal release is determined by lysing cells with 0.1% 
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Triton X-100. Experiments are considered valid for analysis if spontaneous release is < 20% 
of maximal release. 

[0468] For the assessment of cytotoxic activity of OVA-specific CD8+ T cells in 

vivo, spleen cells from naive C57B1/6 mice are split into two equivalent aliquots. Each group 
is pulsed with a specific peptide, either target (SL8) or control (HSV-gB2), at 0.5 jig/ml for 
90 minutes at 37 °C. Cells are then washed 3 times in medium, and twice in PBS + 0.1% 
BSA. Cells are resuspended at 1 x 10 7 per ml in warm PBS + 0.1% BSA (10 ml or less) for 
labeling with carboxyfluorescein diacetate succinimidyl ester (CFSE, Molecular Probes, 
Eugene, OR). To the target cell suspension, 1 .25 \iL of a 5mM stock of CFSE is added and 
the sample mixed by vortexing. To the control cell suspension, a ten-fold dilution of the 
CFSE stock is added and the sample mixed by vortexing. The cells are incubated at 37 °C for 
10 minutes. Staining is stopped by addition of a large volume (>40 ml) of ice-cold PBS. The 
cells are washed twice at room temperature with PBS, then resuspended and counted. Each 
cell suspension is diluted to 50 x 10 6 per ml, and 100 \iL of each population is mixed and 
injected via the tail vein of either naive or vaccinated mice. After 12-24 hours, the spleens 
are harvested and a total of 5 x 10 6 cells are analyzed by flow cytometry. The high (target) 
and low (control) fluorescent peaks are enumerated, and the ratio of the two is used to 
establish the percentage of target cell lysis. The in vivo cytotoxicity assay permits the 
assessment of lytic activity of antigen-specific T cells without the need of in vitro re- 
stimulation. Furthermore, this assays assesses the T cell function in their native environment. 

Example 22. Human EphA2-specific immunity induced by vaccination of Balb/c mice with 

Listeria strains expressing EphA2. 

[0469] Balb/c mice (n=3) were immunized with Listeria L461T expressing the 

intracellular domain of hEphA2 (Listeria hEphA2-ICD in Figure 45) or an AactA (actA~) 
strain of Listeria expressing the extracellular domain of hEphA2 from a sequence codon- 
optimized for expression in L monocytogenes (Listeria hEphA2-ECD in Figure 45) two 
weeks apart. (The intracellular domain of hEphA2 is alternatively referred to herein as 
hEphA2-ICD, hEphA2 ICD, EphA2 CO, or CO. The extracellular domain of hEphA2 is 
alternatively referred to herein as hEphA2-ECD, hEphA2 ECD, EphA2 EX2, or EX2.) Mice 
were euthanized, and spleens harvested and pooled 6 days after the last immunization. For 
the ELISPOT assay, the cells were re-stimulated in vitro with P815 cells expressing full- 
length hEphA2 or cell lysates prepared from these cells. The parental P815 cells or cell 
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lysates served as a negative control. Cells were also stimulated vvith recombinant hEphA2 Fc 
fusion protein. IFN- gamma positive spot forming colonies (SFCs) were measured using a 96 
well spot reader. As shown in Figure 45, increased IFN-gamma SFCs were observed with 
spleen cells derived from mice vaccinated with Iwtena-hEphA2. Both hEphA2 expressing 
cells or cell lysates stimulation resulted in an increase in IFN-ganama SFC which suggests an 
EphA2-specific CD8+ as well as CD4+ T cell response. Spleen cells from mice vaccinated 
with the parental Listeria control did not demonstrate an increase in IFN-gamma SFC. 

Example 23. CD4+ and CD8+ T cell responses are required for EphA2 specific anti-tumor 

efficacy. 

[0470] Balb/c mice (n=10) were inoculated i.v. with 2 x L 0 5 CT26-hEphA2 on day 0. 

CD4+ cells and CD8+ T-cells were depleted by injecting 200 \xg anti-CD^ (ATCC 
hybridoma GK1 .5) or anti-CD8 (ATCC hybridoma 2.4-3) on Days 1 and 3, which was 
confirmed by FACS analysis (data not shown). Mice were then bmmunized i.v. with 0.1 LD 50 
Listeria L461T expressing hEphA2 ICD on Day 4 and monitored, for survival. 
[0471] As shown in Figure 46, both CD4+ and CD8+ depleted groups failed to 

demonstrate the anti-tumor response seen in the non-T cell depleted animals. The data are 
summarized in Table 5 below: 



TableS 



Vaccination Group 


Median 
Survival 
(Days) 


P vs. HBSS 


# Survivors 
(Day 67) 


HBSS 


17 




0 


Iw/en'a-hEphA2-ICD 


>67 


<0.O001 


7 


Listeria-hEphA2-lCD 
+ anti-CD4 


19 


0.O3 


2 


Zwten'a-hEphA2-ICD 
+ anti-CD8 


24 


0.0O02 


0 



The foregoing data indicate a requirement for both CD4+ and CD8+ T cells in optimal 
suppression of tumor growth. 



Example 24. Deletion of MB from Listeria by allelic exchange. 
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[0472] Bacteria comprising the recombinant nucleic acid molecules and expression 

cassettes described herein are, in some embodiments, mutant Listeria, For instance, in some 
embodiments, the bacteria comprising the recombinant nucleic acid molecules and expression 
cassettes are Listeria monocytogenes strains in which the actA gene, the inlB gene, or both, 
have been deleted. One exemplary method for generating a deletion mutant in Listeria is 
described below. 

[0473] Deletion of the internalin B gene (inlB) from Listeria DP-L4029 (or from 

other selected mutant strains or from wild-type Listeria) can be effected by allelic exchange, 
as described by Camilli et aL, Mol Microbiol 8:143-147 (1993). Splice Overlap Extension 
(SOE) PCR can be used to prepare the construct used in the allelic exchange procedure. The 
source of the internalin B gene is the sequence listed as Genbank accession number 
AL591975 {Listeria monocytogenes strain EGD, complete genome, segment 3/12; inlB gene 
region: nts. 97008-98963), incorporated by reference herein in its entirety, and/or the 
sequence listed as Genbank accession number NC_003210 (Listeria monocytogenes strain 
EGD, complete genome, inlB gene region: nts. 457008-458963), incorporated by reference 
herein in its entirety. 

[0474] In the primary PCR reactions, approximately 1000 bps of sequence upstream 

and downstream from the Listeria MB gene 5 5 and 3' ends, respectively, are amplified using 
the following template and primers: 

Template: DP-L4056 or DP-L4029 genomic DNA 

Primer pair /(For amplification of region upstream from 5' end of inlB): 

Lm-96031F: S'-GTTAAGTTTCATGTGGACGGCAAAG (SEQ IDNO:103) 

<T m : 72°C) 
Lm-(3'm/£-R+)97020R: 5'- 

AGGTCTTTTTCAGTTAA CTATCCTCTCCTTGATTCTAGTTAT 
(SEQIDNO:104)(T m : 114°C) 
(The underlined sequence complementary to region downstream of MB 

carboxy terminus.) 
Amplicon Size (bps): 1007 
Primer pair 2 (For amplification of region downstream from 3' end of inlB): 
Lm-(5'i*/5-F+)98911F: 5'- 

C AAGGAGAGGATAGTT AACTGAA AAAGA CCTA A A AAA G A A 
GGC(SEQIDNO:105)(T ra : 118°C) 
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(The underlined sequence complementary to region upstream of InlB amino 
terminus.) 

Lm-99970R: 5 '-TCCCCTGTTCCTATAATTGTTAGCTC (SEQ ID NO:106) 
(T m : 74°C) 

Amplicon size (bps): 1 074 
[0475] In the secondary PCR reaction, the primary PCR amplicons are fused through 

SOE PCR, taking advantage of complementarity between reverse primer from pair 1 and the 
forward primer of pair 2. This results in precise deletion of inlB coding sequence: nts. 
97021-98910=1889 bps. The following template and primers were utilized in the secondary 
PCR reaction: 

Template: Cleaned primary PCR reactions 

Primer pair: 

Lm-96043F: 5 '-GTGGACGGCAAAGAAACAACCAAAG (SEQ ID 
NO:107) (T m :74°C) 

Lm-99964R: 5 '-GTTCCTATAATTGTTAGCTCATTTTTTTC (SEQ ID 
NO:108)(T m : 74°C) 

(Amplicon size (bps): 2033) 
[0476] A protocol for completing the construction process is as follows: 

[0477] The primary PCR reactions (3 temperature cycle) are performed using Vent 

DNA polymerase (NEB) and 10 \i\ of a washed 30°C Listeria DP-L4056 OR DP-L4029 
overnight culture. The expected size of Listeria amplicons by 1% agarose gel (1007 bps and 
1074 bps). The primary PCR reactions are gel purified and the DNA eluted with GeneClean 
(BIO 101). 

[0478] A secondary PCR reaction is performed, utilizing approximately equal 

amounts of each primary reaction as template (ca. 5 pi). The expected size of the Listeria 
amplicon from the secondary PCR reaction is verified by 1% agarose gel (2033 bps). 
Adenosine residue are added at the 3' ends of Listeria dl inlB amplicon with Taq polymerase. 
[0479] The Listeria dl inlB amplicon is then inserted into a pCR2. 1 -TOPO vector. 

The pCR2.1-TOPO-dl inlB plasmid DNA is digested vAihXhoI and Kpnl and the 2123 bp 
fragment is gel purified. The KpnI/XhoI 2123 bp fragment is inserted into a pKSV7 vector 
that has been prepared by digestion with Kpnl and Xhol and treatment with CIAP (pKS V7-dl 
inlB). The fidelity of dl inlB sequence in pKSV7-dl inlB is then verified. The inlB gene is 
deleted from desired Listeria strains by allelic exchange with pKSV7-dl inlB plasmid. 
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Example 25. Codon-optimized signal peptides for construction of recombinant Listeria. 

[0480] Some exemplary codon-optimized signal peptides that can be used in the 

expression cassettes in the recombinant Listeria are provided in Table 6, below. 



Table 6. Exemplary signal peptides for construction of recombinant Listeria 



Secretion 
Pathway 


Signal 
Peptide 
Amino Acid 
Sequence 


Signal 
peptidase 
SiteC) 


Native Sequence 


Sequence codon-optimized for 
expression in Lm 


Gene 
[Genus/species] 


secAl 


MKKIMLV 

FITLILVSL 

PIAQQTEA 

KDASAFN 

KENSISSM 

APPASPPA 

SPKTPIEK 

KHAD 

(SEQID 

NOM09) 1 


TEA'KD 
(SEQK> 
NO:54) 


ATG AAAAAAATAATG 

CTAGTTTTTATTACAC 

TTATATTAGTTAGTCT 

ACCAATTGCGCAACA 

AACTGAAGCAAAGGA 

TGCATCTGCATTCAAT 

AAAGAAAATTCAATT 

TCATCCATGGCACCA 

CCAGCATCTCCGCCTG 

CAAGTCCTAAGACGC 

CAATCGAAAAGAAAC 

ACGCGGAT (SEQID 

NO: 110) 


ATGAAAAAAATTATGTT 

AGTTTTTATTACATTAAT 

TTTAGTTAGTTTACCAAT 

TGCACAACAAACAGAAG 

CAAAAGATGCAAGTGCA 

TTTAATAAAGAAAATAG 

TATTAGTAGTATGGCACC 

ACCAGCAAGTCCACCAG 

CAAGTCCAAAAACACCA 

ATTGAAAAAAAACATGC 

AGAT(SEQIDNO:113) 


hly (LLO) 

[Listeria 
monocytogenes] 




MKKXIISA 

ILMSTVILS 

AAAPLSG 

VYADT 

(SEQID 

NO:46) 


VYA'DT 
(SEQID 
NO:55) 


ATGAAAAAAAAGATT 

ATCTCAGCTATTTTAA 

TGTCTACAGTGATACT 

TTCTGCTGCAGCCCCG 

TTGTCAGGTGTTTACG 

CTGACACA (SEQID 

NO:86) 


AT G AAAAAAAAAATT AT 

TAGTGCAATTTTAATGAG 

TACAGTTATTTTAAGTGC 

AGCAGCACCATTAAGTG 

GTGTTTATGCAGATACA 

(SEQIDNO:87) 


Usp45 

[Lactococcus 
lactis] 




MKKRKVL 

IPLMALSH 

LVSSTGNL 

EVIQAEV 

(SEQID 

NO:47) 


IQA'EV 

(SEQID 

NO:56) 


ATGAAAAAACGAAAA 

GTGTTAATACCATTAA 

TGGCATTGTCTACGAT 

ATTAGTTTCAAGCAC 

AGGTAATTTAGAGGT 

GATTCAGGCAGAAGT 

T(SEQIDNO:lll) 


ATGAAAAAACGTAAAGT 

TTTAATTCCATTAATGGC 

ATTAAGTACAATTTTAGT 

TAGTAGTACAGGTAATTT 

AGAAGTTATTCAAGCAG 

AAGTT (SEQID NO: 114) 


P<tg 

(Protective 
Antigen) 

[Bacillus 
anthracis] 














secA2 


MNMKKAT 

IAATAGIA 

VTAFAAPT 

IAS AST 

(SEQID 

NO:48) 


ASA'ST 

(SEQID 

NO:57) 


ATGAATATGAAAAAA 

GCAACTATCGCGGCT 

ACAGCTGGGATTGCG 

GTAACAGCATTTGCT 

GCGCCAACAATCGCA 

TCCGCAAGCACT 

(SEQIDNO:90) 


ATGAATATGAAAAAAGC 

AACAATTGCAGCAACAG 

CAGGTATTGCAGTTACAG 

CATTTGCAGCACCAACA 

ATTGCAAGTGCAAGTAC 

A(SEQIDNO:91) 


tap 

invasion- 
associated protein 
p60 

[Listeria 
monocytogenes) 














Tat 


MAYDSRF 

DEWVQKL 

KEESFQNN 

TFDRRKFI 

QGAGKIA 

GLSLGLTI 

AQSVGAF 

(SEQID 

NO:53) 


VGA'F 

(SEQID 

NO:62) 


ATGGCATACGACAGT 

CGTTTTGATGAATGG 

GTACAGAAACTGAAA 

GAGGAAAGCTTTCAA 

AACAATACGTTTGAC 

CGCCGCAAATTTATTC 

AAGGAGCGGGGAAGA 

TTGCAGGACTTTCTCT 

TGGATTAACGATTGC 

CCAGTCGGTTGGGGC 

CTTT (SEQID 

NO: 112) 


ATGGCATATGATAGTCGT 

TTTGATGAATGGGTTCAA 

AAATTAAAAGAAGAAAG 

TTTTCAAAATAATACATT 

TGATCGTCGTAAATTTAT 

TCAAGGTGCAGGTAAAA 

TTGCAGGTTTAAGTTTAG 

GTTTAACAATTGCACAAA 

GTGTTGGTGCATTT (SEQ 

IDNO:115) 


PhoD 

alkaline 

phosphatase 

[Bacillus subtilis] 
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The sequence shown includes the PEST sequence from LLO. 

Example 26. Codon-optimized expression cassette comprising Bacillus anthracis Protective 

Antigen (PA) signal peptide. 

[0481] An expression cassette was designed for expression of heterologous antigens 

in Listeria monocytogenes using a non-Listerial secAl signal peptide. The amino acid 
sequence of the Protective Antigen (PA) signal peptide from Bacillus anthracis (Ba) 
(GenBank accession number NC_007322), its native coding sequence, and the coding 
sequence optimized for expression in Listeria monocytogenes are shown below. 

• 

Amino acid sequence: 

MKKRKVLIPLMALSTILVSSTGNLEVIQAEV (SEQ ID NO:47) 
Signal peptidase recognition site: IQA'EV (SEQ ID NO:56) 

Native nucleotide sequence: 

ATGAAAAAACGAAAAGTGTTAATACCArTAATGGCATTGTCTACGATATTAGTTT 
CAAGCACAGGTAATTTAGAGGTGATTCAGGCAGAAGTT (SEQ ID NO:l 1 1) 

Codons optimized for expression in Listeria monocytogenes: 
ATGAAAAAACGTAAAGTTTTAATTCCATTAATGGCATTAAGTAC^ 
GTAGTACAGGTAATTTAGAAGTTATTCAAGCAGAAGTT (SEQ ID NO: 114) 

[0482] * The sequence of a partial expression cassette comprising the hly promoter 
from Listeria monocytogenes operably linked to the codon-optimized sequence encoding the 
Ba PA signal peptide is shown in Figure 47. This sequence can be combined with either a 
codon-optimized or non-codon-optimized antigen sequence for expression of a fusion protein 
comprising the Bacillus anthracis PA signal peptide and the desired antigen. 

Example 27. Expression and secretion of antigens from recombinant Listeria comprising 

codon-optimized expression cassettes. 

[0483] Codon optimization of both signal peptide and tumor antigen provides 

efficient expression and secretion from recombinant Listeria: Codon-optimization of both 
signal peptide- and heterologous protein-encoding genetic elements provides optimal 
secretion from recombinant Listeria-based vaccines of human tumor antigens that contain 
hydrophobic domains. Efficient antigen secretion from cytosolic bacteria is required for 
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efficient presentation via the MHC class I pathway and CD8+ T-cell priming, and is thus 
linked directly to the potency of Listeria-based vaccines. Secretion from recombinant 
Listeria of two malignant cell membrane-bound human tumor antigens, mesothelin and NY- 
ESO-1, which are immune targets related to pancreatic and ovarian cancer (mesothelin), and 
melanoma (NY-ESO-1), among other solid tumors, has been optimized through codon- 
optimization of the combination of both the antigen and signal peptide coding sequences. 
[0484] A variety of expression cassettes were constructed comprising the hly 

promoter linked to either native or codon-optimized sequences encoding signal peptides 
related to secAl or alternative secretion pathways including secA2 and Twin-Arg 
Translocation (Tat), fused in frame with a selected human tumor antigen - human NY-ESO-1 
or human mesothelin. (See Examples 11-14 and 25, above, for the antigen sequences and/or 
signal sequences.) Western blot analysis of TCA-precipitated culture fluids of Listeria grown 
in BHI broth was used to assess the synthesis and secretion of the heterologous proteins from 
the recombinant Listeria. (Methods analogous to those described in Example 18, above, were 
used for the Western blot analyses.) 

[0485] The results of these experiments are shown in Figure 48A-C. Efficient 

expression and secretion of full-length tumor antigens from recombinant Listeria was 
observed when both signal peptide coding sequences, including when derived from Listeria 
monocytogenes, and operably linked foreign antigen coding sequences were optimized for 
codon usage in Listeria monocytogenes. Figure 48A shows the expression/secretion of 
human mesothelin by AactA Listeria monocytogenes with a construct comprising an LLO 
signal peptide fused with human mesothelin, using native codons for both LLO and 
mesothelin. By Western analysis of TCA-precipitated bacterial culture fluids, secretion of 
expected full-length mesothelin (62 kDa) was not observed with these constructs, and only 
secretion of several small fragments was observed (Figure 48 A). 
[0486] Figure 48B shows a Western blot analysis of the expression/secretion of 

human mesothelin by Listeria monocytogenes AactA comprising plasmids (pAM401) 
containing constructs encoding various signal peptides fused with human mesothelin. In each 
construct, the mesothelin coding sequence was codon-optimized for expression in Listeria 
monocytogenes. Where indicated, the signal peptide coding sequences used contained either 
the native sequence ("native") or were codon-optimized ("CodOp") for expression in Listeria 
monocytogenes. Secreted mesothelin was detected using an affinity-purified polyclonal anti- 
human/mouse antibody, prepared by injection of rabbits with selected peptides together with 
IF A. 
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[0487] Significantly, as shown in lanes 3-5, and 8-9 of Figure 48B, secretion of full- 

length mesothelin (62 kDa) was observed only when both signal peptide and mesothelin 
coding sequences were codon-optimized for expression in Listeria. This observation 
significantly also included the Listeria-derived signal peptides from the bacterial LLO and 
p60 proteins, related to the secAl and secA2 secretion pathways, respectively, both of which 
contain infrequently-used codons. (The LLO PEST sequence is also included with the LLO 
signal peptide and its coding sequence is also codon-optimized.) Efficient secretion of full- 
length mesothelin (62 kDa) was observed when the codon-optimized Listeria LLO signal 
peptide was linked with codon-optimized mesothelin (Lane 8, Figure 48B), but NOT when 
the native coding sequence of the Listeria LLO signal peptide was used (Lane 7, Figure 48B). 
Furthermore, secretion of full-length mesothelin (62 kDa) was observed when the codon- 
optimized Listeria p60 signal peptide was linked with codon-optimized mesothelin (Lane 3, 
Figure 48B), but NOT when the native coding sequence of the Listeria p60 signal peptide 
was used (Lane 6, Figure 48B). Finally, secretion of full-length mesothelin (62 kDa) was 
observed when codon-optimized optimized signal peptides from bacterial species different 
from Listeria monocytogenes were operably linked to codon-optimized mesothelin (Figure 
48B). The signal peptide from Bacillus anthracis protective antigen (Ba PA), or the signal 
peptide from Lactococcus lactis Usp45 protein (LI Usp45) programmed the efficient 
secretion of full-length mesothelin (62 kDa) from the recombinant Listeria strains (Figure 
48B, lanes 4 and 5). The Bacillus subtilis phoD signal peptide (Bs phoD) also programmed 
the efficient secretion of full-length mesothelin from Listeria (Figure 48B, lane 9). The 
bands with a molecular weight of about 62,000 correspond to mesothelin and the pairs of 
double bands probably correspond to non-cleaved plus cleaved mesothelin polypeptides (i.e., 
to partial cleavage). 

[0488] Figure 48C shows the expression/secretion of NY-ESO-1 from Listeria 

monocytogenes AactAAinlB with constructs comprising a sequence encoding LLO signal 
peptide which was fused with a sequence encoding human NY-ESO-1, both of which were 
codon-optimized for expression in Listeria. Secreted NY-ESO-1 was detected using a NY- 
ESO-1 monoclonal antibody. 

[0489] In this example, signal peptide and tumor antigen domains were synthesized to 

utilize the most preferred codon for each amino acid, as defined by frequency of occurrence 
per 1000 codons in coding sequences from the Listeria genome 
(http^/www.kazusa.or.jp/codon/cgi- 

bin/showcodon.cgi?species=Listeria+monocytogenes+[gbbct]). Signal peptides related to 
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secAl, secA2, or twin-Arg translocation (Tat) secretion pathways from Listeria and other 
Gram-positive bacterial genera programmed the efficient secretion of human tumor antigens 
from recombinant Listeria. Surprisingly, the signal peptides from Listeria proteins LLO and 
p60 each contain rare codons (frequency of <10 per 1000 codons), and optimization of these 
sequences was required for efficient secretion of mesothelin and NY-ESO-1 from 
recombinant Listeria (Figure 48B). Mesothelin secretion was also observed when linked to 
secAl signal peptides from B. anthracis protective antigen (pagA) and Lactococcus lactis 
Usp45, and the Tat signal peptide from the phosphodiesterase/alkaline phosphatase D gene 
(PhoD) of B. subtilis. 

[0490] Signal peptides from distinct secretion pathways were used to determine 

whether a particular pathway would be favored for optimal secretion of heterologous 
proteins. For example, the Tat pathway is utilized for secretion of proteins folded within the 
bacterium, and the B. subtilis phoD protein is secreted via this mechanism. It had originally 
been hypothesized that secretion of tumor antigens containing significant hydrophobic 
domains, such as NY-ESO-1, might be facilitated by folding prior to transport. However, 
these results indicated that codon-optimization of both the signal peptide and tumor antigen 
encoding sequences, and not secretion pathway, is the primary requirement for efficient 
secretion of mammalian proteins. 

[0491] Importantly, the phenotype of recombinant vaccines utilizing any pathway for 

tumor antigen secretion was not significantly affected, as compared to the parental Listeria 
AactA/AinlB strain. The median lethality (LD 50 ) of Listeria AactA/AinlB is 1 x 10 8 cfu in 
C57BL/6 mice. Stable single copy site-specific incorporation of tumor antigen expression 
cassettes into an innocuous site on the chromosome of Listeria AactA/AinlB, was 
accomplished using the pPL2 integration vector. The LD50 of tumor antigen encoding 
Listeria AactA/AinlB was within 5-fold of Listeria AactA/AinlB. 

Example 28. Construction of bicistronic hEphA2 expression vectors. 

[0492] As a non-limiting example, construction of an antigen expression cassette, in 

which expression of the external (EX2) and internal (CO; kinase dead) domains of hEphA2 
occurs from a bicistronic message, is given. Secretion of the EX2 and CO domains is 
accomplished by functional linkage of the Ba PA and Bs PhoD signal peptides with the EX2 
and CO domains, respectively. 
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[0493] A codon-optimized human EphA2 kinase dead plasmid, known as 

phEphA2KD, is used in the construction of a bicistronic hEphA2 expression vector. (EphA2 
is a receptor tyrosine kinase, but the kinase activity is ablated by a mutation from K to M at 
the active site of the enzyme.) The coding sequences of phEphA2KD are shown in Figure 
49. The phEphA2KD sequence in Figure 49 comprises the codon-optimized coding sequence 
for hEphA2 deleted of the transmembrane domain, and contains unique 5* and 3' Bam HI and 
Sac I restriction sites to facilitate construction of functional antigen expression cassettes. Mlu 
I recognition sequences are shown bolded in the sequence shown in Figure 49. 
[0494] A sub-fragment of the human EphA2 (trans-membrane domain deleted, 

kinase-dead) between the two Mlu I restriction enzyme recognition sequences is synthesized 
(by a gene synthesis method known in the art, e.g., by oligonucleotide synthesis, PCR, and/or 
Klenow fill-in, or the like). The actA-plcB intergenic region is inserted during the synthesis 
precisely at the junction between the EphA2 extracellular and intracellular domains, which 
are separated by the hydrophobic trans-membrane domain in the native protein. The 
sequence of the Mlu I sub-fragment of codon-optimized human EphA2 containing the actA- 
plcB intergenic region is shown in Figure 50 (the intergenic region is shown in bold). 
Additionally, the codon-optimized Bs phoD signal peptide is placed at the 3' end of the actA- 
plcB intergenic sequence and is fused in-frame with the downstream EphA2 CO domain 
coding region. 

[0495] The functional human EphA2 bicistronic cassette is assembled by substitution 

of the Mlu I fragment containing the actA-plcB intergenic region and Bs phoD signal peptide 
for the corresponding region in the trans-membrane deleted kinase dead human EphA2 
sequence shown in Figure 49. This resulting sequence contains unique Bam HI and Sac I 
restriction enzyme recognition sites at its 5' and 3' ends, respectively, to facilitate insertion 
and functional linkage to the hly promoter and initial signal peptide, for example Ba PA. 
[0496] Thus, the seven ordered functional elements of the bicistronic human EphA2 

antigen expression cassette are the following: hly promoter-Ba PA signal peptide-EX domain 
EphA2-termination codon-actA-plcB intergenic region (with Shine-Dalgarno sequence)-Bs 
PhoD signal peptide-CO domain EphA2-termination codon. All EphA2 and signal peptide 
coding sequences are preferably codon-optimized. 

[0497] Recombinant Listeria strains that express and secrete the EphA2 EX and CO 

domains can be derived by methods illustrated in this application, utilizing the pAM401, 
pKSV7, or pPLl and pPL2 integration vectors. Expression and secretion of the EphA2 
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proteins is detected by Western analysis of desired bacterial fractions, using methods 
described herein and/or known to those skilled in the art. 

Example 29. Expression and secretion of antigens from recombinant Listeria comprising 

antigen-bacterial protein chimeras. 

[0498) In some embodiments of the invention, both the sequences encoding the signal 

peptide and its heterologous protein fusion partner are codon-optimized. In some 
embodiments, it is desirable to place the codon-optimized heterologous protein sequence 
within a defined region of a protein, whose native form is secreted from Listeria. The 
heterologous protein sequence is functionally placed within a defined sequence of the 
selected secreted Listeria protein sequence such that a protein chimera is synthesized and 
secreted that corresponds to the combined molecular weights of the secreted proteins. 
Secretion of the heterologous protein can be facilitated by exploiting the machinery of the 
host Listeria bacterium that is required for optimal secretion of autologous bacterial proteins. 
Molecular chaperones facilitate secretion of selected bacterial proteins. 
[0499] As a non-limiting example, protein chimeras between the Z. monocytogenes 

protein p60 and the human tumor antigen, mesothelin, were generated. The protein chimeras 
were generated by precise placement of the human tumor antigen, mesothelin, into L. 
monocytogenes protein p60 at amino acid position 70 (although it is understood that any 
desired heterologous protein encoding sequence can be selected to generate a protein 
chimera). The protein chimera contained optimal codons for expression in Listeria in the p60 
amino acids 1-70 and the entire mesothelin coding sequence. Furthermore, the p60-human 
mesothelin protein chimeria was functionally linked to the L. monocytogenes My promoter, 
incorporated into the pPL2 vector, which was used subsequently as described herein to 
generate recombinant Z. monocytogenes strains expressing and secreting human mesothelin. 
The experimental methods used to construct a recombinant Listeria strain that optimally 
expresses and secretes a p60-human mesothelin protein chimera are described below. 
[0500] In some embodiments, an important feature of protein chimeras between a 

selected Z. monocytogenes gene and a selected heterologous protein sequence is appropriate 
functional placement of the selected heterologous protein sequence within the selected L 
monocytogenes gene to retain optimal secretion of the protein chimera through interaction of 
the L. monocytogenes expressed protein with the bacterial chaperones and secretion 
apparatus, as well as to retain functional activity of the Z. monocytogenes protein in the 
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context of the protein chimera. In some embodiments, functional placement of a 
heterologous sequence within the L. monocytogenes secA2-dependent proteins NamA and 
p60 is desired to retain the peptidoglycan cell wall hydrolase activites of these said proteins. 
(See Lenz et al. (2003 PNAS, 100:12432-12437), for instance, for descriptions of the SecA2- 
dependent NamA and p60 proteins.) In some embodiments, the functional placement of the 
heterologous protein coding sequence is desired between the signal sequence (SS) and the 
cell wall binding domains (LySM) and catalytic domains Lyz-2 (NamA) and p60-dom (p60) 
(Lenz et. al. (2003)). 

[0501] In some embodiments, expression of antigens or heterologous proteins is 

functionally linked to a prfA-dependent promoter. As such, expression of the heterologous 
protein is induced within the microenvironment of the recombinant Listeria infected cell. 
[0502] The first step in the construction of a p60-Mesothelin protein chimera 

involved the DNA synthesis of the prfA-dependent hly promoter linked functionally to a 
DNA sequence encoding the first 70 amino acids of p60, with codons for optimal secretion in 
Listeria. (In some embodiments, the codon usage can be modified further to avoid regions of 
excessive RNA secondary structure, which may inhibit protein translation efficiency.) The 
DNA sub-fragment corresponding to the hly promoter-70 N-terminal p60 amino acids was 
synthesized. (This can generally be done by a gene synthesis method known in the art, e.g., 
by oligonucleotide synthesis, PCR, and/or Klenow fill-in, or the like.) 
[0503] The sequence of the first 70 amino acids of p60 from Z. monocytogenes, strain 

10403S, is shown below: 

MNMKKATIAATAGIAVTAFAAPTIASASTVVVE 
AGDT. LWGIAQSKGTTVDAIKKANNLTTDKIVP 
G Q K L Q(SEQIDNO:116) 

It can be appreciated to those skilled in the art that there exists multiple laboratory and field 
isolates of i. monocytogenes encoding genes, including p60, that may contain variability at 
both the nucleotide sequence and amino acid level, but are nevertheless essentially the same 
gene and protein. Furthermore, it can be appreciated by those skilled in the art that protein 
chimeras can be constructed utilizing genes from any laboratory or field isolate (including 
food-borne or clinical strain) of Z. monocytogenes. 

[0504] The synthesized DNA sequence corresponding to the hly promoter-70 N- 

terminal p60 amino acids is shown in Figure 51. Furthermore, the codons encoding p60 
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amino acid residues 69 (L) and 70 (Q), were modified to contain a unique Pst I enzyme 
recognition sequence, to facilitate functional insertion of a heterologous sequence. 
Furthermore, the 5' end of the synthesized sub-fragment contains a unique ^pw/ enzyme 
recognition sequence. 

[0505] The 447 bp Kpnl and PstI digested sub-fragment fragment was ligated into the 

corresponding Kpnl and PstI sites of the pPL2 vector, and treated by digestion with Kpnl and 
PstI enzymes and digestion with calf intestinal alkaline phosphatase (CIAP). This plasmid is 
known as pPL2-hlyP-Np60 CodOp. Subsequently, the remainder of the native p60 gene was 
cloned into the pPL2-hlyP-Np60 CodOp plasmid, between the unique Pst / and BamHI sites. 
The remainder of the p60 gene was cloned by PCR, using a proof-reading containing 
thermostable polymerase, and the following primer pair: 

Forward primer: 

5'- CGC CTGCAGGTAAATAATGAGGTTGCTG (SEQ ID NO: 117) 
Reverse primer: 

S'-CGCGGATCCTTAATTATACGCGACCGAAG (SEQ ID NO:l 18) 

[0506] The 1241 bp amplicon was digested with PstI and BamHI, and the purified 

1235 bp was ligated into the pPL2-hlyP-Np60 CodOp plasmid, digested with PstI and 
BamHI, and treated with CIAP. This plasmid contains the full L. monocytogenes p60 gene 
with optimal codons corresponding to amino acids 1-77, and native codons corresponding to 
amino acids 78-478, and is linked functional to the L monocytogenes hly promoter. This 
plasmid is known as pPL2-hlyP-Np60 CodOp(l-77), and the sequence of the KpnI-BamHI 
sub-fragment that contains the hlyP linked functionally to the p60 encoding sequence is 
shown in Figure 52. The expected sequence of the pPL2-hlyP-Np60 CodOp(l-77) plasmid 
was confirmed by sequencing. 

[0507] The next step in the construction was the functional insertion of a heterologous 

protein encoding sequence at the unique PstI site of plasmid as pPL2-hlyP-Np60 CodOp(l- 
77), which is between the N-tenninal signal sequence and the first LysM cell wall binding 
domain of p60, thus retaining the normal biological function of the Z. monocytogenes protein. 
[0508] As a non-limiting example, human mesothelin that was codon-optimized for 

optimal expression in L. monocytogenes protein was inserted into the unique PstI site of 
plasmid as pPL2-hlyP-Np60 CodOp(l-77). Specifically, full-length mesothelin, or 
mesothelin that was deleted of the signal peptide and GPI linker domains (Mesothelin 



173 



WO 2005/071088 



PCTYUS2004/044080 



ASP/AGPI) was cloned from the plasmid described in Example 27 that contains the full- 
length human mesothelin, containing optimal codons for expression in L. monocytogenes, 
using a thermostable polymerase with proof-reading activity, and the following primer pair: 

1. Full Length 

Forward Primer (huMeso 3F): 

5'-AAACTGCAGGCATTGCCAACTGCACGTCC (SEQ ID NO:119) 
Reverse Primer (hMeso 1935R): 

5'-AAACTGCAGAGCTAATGTACTGGCTAATAATAATGCTAAC (SEQ ID NO:120) 

2. A Signal Peptide, A GPI Anchor 

Forward Primer (huMeso 133F): 

5'- CGCCTGCAGCGTACATTAGCAGGTGAAACAGG (SEQ ID NO: 121) 
Reverse Primer (huMeso 1770R): 

5 9 -CGCCTGCAGGCCTTGTAAACCTAAACCTAATGTATC (SEQ ID NO: 122) 

[0509] The PCR amplicons of 1932 bps (full-length mesothelin) and 1637 bps 

(Mesothelin ASP/AGPI) were purified, digested with PstI, purified, and ligated into the 
unique PstI site of plasmid pPL2-hlyP-Np60 CodOp(l-77), treated by digestion with PstI, 
and treatment with CIAP. The consistent N-CO orientation of the p60 and mesothelin 
domains was confirmed by restriction endonuclease mapping. These plasmids are known as 
pPL2-hlyP-Np60 CodOp(l-77)-Mesothelin and pPL2-hlyP-Np60 CodOp(l-77)- Mesothelin 
ASP/AGPI, and were introduced into selected L. monocytogenes strains (such as AactAAinlB 
double deletion mutants), as described throughout the examples contained herein. 
[0510] The sequence of the KpnI-BamHI sub-fragment of plasmid pPL2-hlyP-Np60 

CodOp(l-77)-Mesothelin containing the hly promoter linked functionally to the p60-human 
Mesothelin protein chimera encoding gene is shown in Figure 53. 

[0511] The sequence of the KpnI-BamHI sub-fragment of plasmid pPL2-hlyP-Np60 

CodOp(l-77)-Mesothelin ASP/AGPI containing the hly promoter linked functionally to the 
p60-human mesothelin ASP/AGPI protein chimera encoding gene is shown in Figure 54. 
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Western analysis of expression and secretion of p60-mesothelin protein chimeras: 
[0512] As discussed throughout the examples, expression and secretion of a selected 

heterologous antigen results in potent priming of MHC class I-restricted CD8+ T cell 
responses. The expression and secretion of the protein chimeras into the media by 
recombinant L. monocytogenes AactAAinlB double deletion mutants containing tRNA-Arg 
chromosomal insertions of the pPL2-hlyP-Np60 CodOp(l-77)-Mesothelin or pPL2-hlyP- 
Np60 CodOp(l-77)- Mesothelin ASP/AGPI plasmids, generated by methods described herein, 
were tested by Western analysis by methods described in the Examples contained herein, 
using amesothelin-specific polyclonal antibody. 

[0513] The indicated engineered deletions in hMesothelin (ASPAGPI, also referred to 

herein as ASSAGPI, ASP/AGPI, ASS/AGPI, etc.) for the proteins shown in some of the lanes 
were as follows: The deleted signal sequence (ASP) corresponds to the N-terminal 34 amino 
acids of hMesothelin (for sequences of human mesothelin, see, e.g., Fig. 34 or GenBank Acc. 
No. BC009272). The deleted GPI (AGPI) domain corresponds to the C-terminal 42 amino 
acids, beginning with the amino acid residues Gly-Ile-Pro and ending with the amino acid 
residues Thr-Leu-Ala (see, e.g., Fig. 34). 

[0514] The results of this analysis demonstrated that protein chimeras comprised of 

p60 with precise insertion of human mesothelin or human mesothelin ASP/AGPI (inserted in 
frame at amino acid 70 of p60 between the N-terminal signal sequence and the first of two 
LysM cell wall binding domains) were efficiently expressed and secreted from the 
recombinant Z. monocytogenes. See Figure 55. (The Y-axis of Figure 55 shows the 
molecular weight (in kDa) of proteins in the ladder run in the far left lane.) Specifically, 
lanes 1-4 in Figure 55 demonstrate the expression and secretion of the expected protein 
chimeras containing human mesothelin or human mesothelin ASP/AGPI. The increased 
efficiency of expression and secretion of human mesothelin ASP/AGPI relative to the full- 
length mesothelin is evident in lanes 2 and 4. In the protein chimeras shown in lanes 3 and 4, 
the authentic N-terminal p60 amino acids were used. In the chimeras run in lanes 1 and 2 in 
the Figure 55, the nucleotides encoding amino acids T and V at positions 29 and 64, 
respectively, were deleted. Lane 5 shows expression and secretion of Bacillus anthracis PA 
signal peptide fused to human ASPAGPI-mesothelin (where both the signal peptide and the 
mesothelin coding sequences were codon-optimized for expression in L. monocytogenes), and 
lane 6 shows the expression and secretion of LLO fused to full-length human mesothelin 
(where both the signal peptide and the mesothelin coding sequences were codon-optimized 
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for expression in L. monocytogenes). Lane 8 shows protein expression by J293, a human cell 
line, while lane 7 shows protein expressed and secreted by J293 containing a plasmid 
encoding full-length human mesothelin ("J293/Full Length"). Lane 10 shows protein 
expression and secretion from Listeria which has been deleted of endogenous p60. The 
lower panel in Figure 55 shows the Western analysis of ^monocytogenes p60 secretion using 
a polyclonal <x-p60 antibody. The results demonstrate that equivalent amounts of Lm- 
secreted protein were loaded on the gel. 

[0515] The results demonstrate that p60 can be used as a molecular chaperone to 

secrete heterologous proteins and facilitate presentation to the MHC class I pathway. 

Example 30: Additional examples of antigen expression and secretion by recombinant 

Listeria monocytogenes 

A. Expression of the intracellular domain (ICD) of EphA2 from a bicistronic construct using 
a non-Listerial signal peptide. 

[0516] Figure 56 shows the Western blot analysis of the expression and secretion of . 

the intracellular domain (ICD) of EphA2 from bicistronic messages using a non-Listerial, 
non-secAl signal sequence. 

[0517] EphA2 is a protein comprised of an extracellular domain (ECD) and an 

intracellular domain (ICD). Listeria AactAAinlB were engineered to express a bicistronic 
mRNAs, where the bicistronic mRNAs encoded the extracellular domain and intracellular 
domain of Epha2 as discrete polypeptides. All of the sequences encoding the signal 
sequences used in the constructs (A subtilis phoD signal peptide, B. anthracis Protective 
Antigen signal peptide, and L. lactis Usp45 signal peptide) were codon-optimized for 
expression in L. monocytogenes. The sequences encoding the ECD and ICD domains were 
also codon-optimized for expression in L. monocytogenes. The Listerial promoter My from 
the LLO gene was used as the promoter in these constructs. 

[0518] The expression cassettes encoding the bicistronic mRNA were integrated into 

the Listeria genome using the integration vector pPL2. Western blot analysis of various 
bacterial fractions using standard techniques was used to detect and measure the accumulated 
intracellular EphA2 domain. The results demonstrated that the intracellular domain of Epha2 
was expressed and secreted from bicistronic constructs using non-Listerial signal peptides 
encoded by codon-optimized sequences. 
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[0519] The expression constructs comprised: (1) a codon-optimized sequence 

encoding the L. lactis Usp45 secretory sequence operably (functionally) linked with the 
coding sequence for the extracellular domain of EphA2 (first polypeptide) and a codon- 
optimized sequence encoding the B. subtilis phoD secretory signal operably linked with an 
intracellular domain of EphA2 (second polypeptide) (Imc 1); and (2) a codon-optimized 
sequence encoding the B. anthracis Protective Antigen secretory sequence operably linked 
with the coding sequence for the extracellular domain of EphA2 (first polypeptide) and a 
codon-optimized sequence encoding the B. subtilis phoD secretory sequence operably linked 
with the coding sequence for the intracellular domain of EphA2 (second polypeptide) (lanes 
2-3 (two different clones); see description of construction of this expression cassette in 
Example 28, above). Control studies (lane 4) with the attenuated parent Listeria AactAAinlB 
strain demonstrated a variable amount of detectable cross reactivity in some control blots. 
Lanes 1-3 show a slow migrating band and a fast moving band, where the fast moving band 
corresponds to the intracellular domain (ICD). Expressed intracellular domain of EphA2 from 
all of the constructs (lanes 1-3) was observed in all three bacterial fractions. Lane 4 (control) 
shows only the slow migrating band. Because no antibody was available for the extracellular 
domain, expression/secretion of the extracellular domain was not assayed. 

B. Plasmid based expression and secretion of murine mesothelin as a Junction ofN-terminal 
fusion with various codon-optimized signal peptides. 

[0520] Figure 57 shows plasmid based expression and secretion of murine mesothelin 

expressed from a codon-optimized mesothelin coding sequence using various signal peptides, 
including non-Listerial signal sequences and non-secAl signal sequences. Plasmid based 
expression and secretion of murine mesothelin is shown as a function of N-terminal fusion 
with various signal peptides encoded by codon-optimized sequences. In all cases, the 
sequences encoding the signal peptides of the mesothelin fusion proteins were codon- 
optimized as well as the murine mesothelin coding sequence was codon-optimized for 
expression in L. monocytogenes. Expression and secretion of murine mesothelin from Z. 
monocytogenes was measured, where the Listeria harbored a pAM401 plasmid, and where 
the plasmid encoded the mesothelin. Various plasmid-based constructs where tested, where 
the signal sequence was varied. Western blots were performed with proteins recovered from 
the various fractions of secreted proteins (A), the cell wall (B), and the cell lysate (C). For 
each fraction, lanes 1-2 show murine mesothelin expressed as a fusion with the B. anthracis 
Protective Antigen signal sequence, lanes 3-4 show murine mesothelin expressed as a fusion 
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with the Lactococcus lactis Usp45 signal sequence, lanes 5-6 show murine mesothelin 
expressed as a fusion with the B. subtilis phoD signal sequence, lanes 7-8 show murine 
mesothelin expressed as a fusion with the p60 signal sequence, lanes 9-10 show murine 
mesothelin expressed as a fusion with the LLO signal sequence, and lane 1 1 shows protein 
expressed by the control host Listeria AactAAinlB. The results demonstrate that the highest 
expression and secretion was found where the signal sequence comprised B. anthracis 
Protective Antigen signal sequence (lanes 1-2) and B. subtilis phoD signal sequence (lanes 
5-6). 

C Listeria monocytogenes chromosomal-based expression and secretion of human 
mesothelin 

[0521] Figure 58 shows the Western blot analysis of Listeria monocytogenes 

chromosomal-based expression and secretion of human mesothelin in various bacterial cell 
factions (i.e., secreted protein, cell wall, and lysate). Expression and secretion of human 
mesothelin was tested when fused to a non-Listerial secAl and non-secAl signal peptides. 
The Listeria bacteria tested were all AactAIAinlB Listeria and were as follows: Listeria 
AactAlAinlB (control Listeria that was not engineered to express mesothelin) (Lane 1); 
Listeria encoding B. anthracis Protective Antigen signal sequence fused to ASS/AGPI 
hMesothelin (Lanes 2-3); Listeria encoding B. subtilis phoD signal sequence fused to 
ASS/AGPI hMesothelin (Lanes 4-5); Listeria encoding *B. anthracis Protective Antigen signal 
sequence fused with full-length hMesothelin (Lanes 6-7); Listeria encoding B. subtilis phoD 
signal sequence fused to full-length hMesothelin (Lanes 8-9). 

[0522] The sequences encoding the signal sequences fused to mesothelin in all of the 

above Listeria were codon-optimized for expression in L. monocytogenes. In addition, the 
mesothelin coding sequences (ASS/AGPI and full-length) were codon-optimized for 
expression in L. monocytogenes in each of the constructs. In each of the above Listeria 
expressing mesothelin, the mesothelin expression cassettes were inserted in the Listeria 
chromosome via integration with pPL2. 

[0523] Highest expression occurred with the B. subtilis phoD secretory sequence 

where human mesothelin was engineered to delete its signal sequence and to delete a 
hydrophobic region (gpi region) (Lanes 4-5). 

Example 3 1 : A dditional examples of immunogenicitv and anti-tumor efficacy of 
recombinant Listeria monocytogenes vaccines 
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[0524] The following examples disclose results of vaccination with the Listeria of the 

present invention, e.g., vaccine-dependent stimulation of cytokine expression, 
vaccine-dependent survival of an animal with tumors, vaccine-dependent reduction in tumor 
metastasis, and vaccine-dependent reduction in tumor volume. 

A. Immunogenicity of Listeria vaccine comprising P-60-model antigen chimera 
[0525] Figure 59A and B show delivery of a heterologous antigen to the MHC Class I 

pathway by Listeria expressing either a p60-antigen chimera or an LLO signal peptide- 
antigen fusion protein. The heterologous antigen used in this experiment was AH1-A5. 
Vaccination was with Listeria engineered to comprise a p60 protein chimera expression 
cassette encoding AH1-A5 (fused to the OVA SL8 peptide) inserted within the p60 
polypeptide sequence including the N-terminal p60 signal peptide sequence ("p60-based 
construct"), or Listeria engineered to encode an LLO signal peptide linked to a nucleic acid 
encoding the same antigen, AH1-A5 embedded within OVA ("LLO-based construct"). Both 
of these constructs used the Listerial promoter My. p60 is a Listerial peptidoglycan autolysin 
that is secreted by a secA2 pathway, while LLO is listeriolysin. 
[0526] To generate the p60-based construct, the nucleic acid encoding p60 was 

engineered to contain a PstI cloning site, where the PstI cloning site represented a silent 
mutation, i.e., resulting in no change in the encoded amino acid sequence. The PstI site was 
located between the N-terminal signal sequence and the first of two LysM cell wall binding 
domains in the p60 sequence. A polynucleotide encoding a heterologous polypeptide 
comprising the AH1-A5 epitope (SPSYAYHQF (SEQ ID NO:73)) and SL8 epitope 
(SIINFEKL (SEQ ID NO: 123)) was inserted in frame into the PstI cloning site. The coding 
sequences for these epitopes were separated by a unique Xhol site and codon-optimized for 
expression in L. monocytogenes. The insertion into the PstI site occurred at the equivalent of 
nucleotide base number 199 of p60. The first 1-70 amino acids of the p60 coding sequence 
were codon-optimized for expression in L. monocytogenes. Accordingly, the first 27 amino 
acids corresponding to the signal peptide were expressed from optimal codons for expression 
inZ. monocytogenes. The antigen expression cassette further contained unique 5 5 and V 
Kpnl and Sad sites, respectively for insertion into the MCS of the pPL2 plasmid, for site- 
specific integration adjacent to the tRNA^ 8 gene of the L. monocytogenes genome. The 
LLO-based construct comprised a sequence encoding an LLO signal sequence operably 
linked to a nucleic acid encoding AH1-A5 within OVA (without use of any codon- 
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optimization). Thus, in the present study, the signal peptide was either from Listeria LLO or 
from Listeria p60. 

[0527] The constructs were placed into pPL2, a vector that mediates site-specific 

recombination with Listeria genome, and inserted into the Listeria genome. 
[0528] Figure 59A and B show the immune response to a vaccination (tail vein) of 

Listeria expressing the AH1-A5 antigen with p60 signal sequence/autolysin as a p60 chimera, 
and immune response to vaccination of Listeria expressing AH1-A5 antigen linked with the 
LLO signal sequence. In the x-axis of the figure, "Unstim" means that no peptide was added 
to the wells (i.e., the cells were unstimulated), while "AH1 " means that the AH1 nonapeptide 
was added to the wells, and "AH1-A5" means that the AH1-A5 nonapeptide was added to the 
wells. All bacterial vaccines were engineered to contain an integrated nucleic acid encoding 
AH1-A5 (the bacterial vaccines did not encode AH1) (see, e.g., Slansky, et al. (2000) 
Immunity 13:529-538). Where the vaccination was done with the Listeria comprising the 
p60-based constructs, the strain is indicated on the x-axis of the figure as "p60." Where the 
vaccination was done with Listeria comprising the LLO-based constructs, the strain is 
indicated on the x-axis of the figure as "LLO." 

[0529] The overall protocol for vaccination with Listeria expressing the P60-based 

construct was as follows: (1) Mice were vaccinated with Listeria (tail vein (i.v.)) containing 
an integrated nucleic acid, where the integrated nucleic acid encoded p60 containing a nucleic 
acid encoding AH1-A5 inserted at nucleotide 199 of p60. In other words, the nucleic acid 
encoding AH1-A5 antigen was in frame with and operably linked with p60 signal sequence 
and with p60 autolysin. The nucleic acid encoding AH1-A5 was codon optimized for 
expression in Z. monocytogenes; (2) Seven days post infection, the spleens were removed; 
(3) Spleen cells were dissociated, placed in wells, and the spleen cells were incubated with 
either no added peptide (Figure 59A and 59B), with added AH1 (Figure 59A), or with added 
AH1-A5 (Figure 59B), as indicated on the x-axis; (4) After adding the peptide, cells were 
incubated for five hours, followed by assessment of the percent of IFNgamma expressing 
CD8 + T cells by FACS analysis. An analogous protocol was used for vaccination with 
Listeria expressing the LLO-based construct. 

[0530] The results demonstrate that the Listeria vaccines stimulated CD8 + T cell 

expression of IFNgamma, where the added peptide was AH1 (Figure 59A) or where the 
added peptide was AH1-A5 (Figure 59B). Stimulation was somewhat higher where 
integrated AH1-A5 was operably linked with LLO signal sequence, and stimulation was 
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somewhat lower when integrated AH1-A5 was operably linked with p60 signal sequence 
(Figure 59A and B). 

[0531] Figure 60A and B show experiments conducted with the same two Listeria 

vaccines as described above, i.e., as shown in Figs.59A and B. Figure 60A shows results 
where mice were vaccinated with the Listeria engineered to contain the p60-based construct 
("p60")or with the Listeria engineered to contain the LLO-based construct ("LLO"). As 
indicated on the x-axis of Figure 60A, the cell based assays were supplemented with no 
peptide (unstimulated; "unstim") or with LLO91-99 peptide ("LL091"; Badovinac and Harty 
(2000) J. Immunol. 164:6444-6452). The results demonstrated a similar immune response 
(IFNgamma expression) where the Listeria vaccine contained the p-60 based construct or the 
LLO-based construct.. The stimulated immune response in Fig. 60A, as reflected in the results 
from the cell-based assay, is due to the Listeria's endogenous expression of native LLO. 
[0532] Figure 60B shows results where mice were vaccinated with Listeria 

engineered to contain the p60-based construct, where the hly promoter and signal peptide 
sequences were operably linked with a nucleic acid encoding AH1-A5, or with Listeria 
engineered to contain the LLO-based construct, where the hly promoter and signal peptide 
were operably linked with a nucleic acid encoding AH1-A5. The added peptides were either 
no peptide (unstimulated; "unstim") or p60 2 i 7 -225 ("p60-217"; Sijts, et al. (1997) J. Biol. 
Chem. 272:19261-19268), as indicated on the x-axis. The stimulated immune response in 
Fig. 60B, as reflected in the results from the cell based assay, is due to the Listeria's 
expression of endogenous p60 for the LLO-based construct and the combination of 
endogenous p60 and the expressed p60 protein chimera sequence for the p60-based construct. 

B. Therapeutic efficacy of Listeria expressing human mesothelin 
[0533J The results depicted in Figure 61 reveal that vaccination with Listeria 

expressing human mesothelin (huMesothelin) prolongs survival in tumor-bearing mice, 
where the tumor cells in the mice had been engineered to express human mesothelin. The 
tumor cells were CT26 cells expressing human mesothelin and the mice were Balb/c mice. 
(All CT26 tumor studies described herein involved Balb/c mice.) In one of the expression 
cassettes, a sequence encoding a non-Listerial signal sequence was operably linked in frame 
with a codon-optimized sequence encoding human mesothelin (deleted of its signal sequence 
and GPI anchor). The expression cassette encoding a signal peptide fused with human 
mesothelin (AGPIASS) was administered to tumor-bearing mice in a Listeria vaccine in 
studies on the effect of the fusion protein on immune response to tumors. The expression 
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cassette encoding the mesothelin fusion protein had been integrated into the Listeria 
chromosome. On Day 0, 2 x 10 5 CT26 cells expressing human mesothelin (CT.26 huMeso+) 
were injected intravenously into the Balb/c mice. Vaccination of the mice was in the tail vein 
(i.v.). Inoculation with le7 colony forming units (CFU) Listeria (i.v.) occurred at day 3. 
[0534] Figure 61 shows the percent survival (shown on y-axis) of the mice to CT26 

tumor expressing human mesothelin, where the vaccine comprises Hank's Balanced Salt 
Solution (HBSS) (a sham vaccine; "HBSS"); Listeria kactAMnlB expressing SF-AH1A5 
from an integrated expression cassette (positive control vaccine; "SF-AH1 A5"); or Listeria 
AactAAinlB comprising an expression cassette encoding B. anthracis Protective Antigen 
signal sequence (encoded by a non-codon optimized sequence) fused with huMesothelin 
(encoded by a codon-optimized sequence), where the huMesothelin had a deleted signal 
sequence and a deleted region encoding the hydrophobic gpi-anchoring peptide ("BaPA- 
huMeso AgpiAss"). Listeria bearing the SF-AH1 A5 construct and the BaPA-huMeso 
AgpiAss construct contained these constructs as chromosomally integrated constructs. The 
nucleic acid molecule encoding SF-AH1 A5 and the nucleic acid molecule encoding the 
BaPA-huMeso AgpiAss construct had been integrated into the Listeria genome using pPL2. 
SF is shorthand for an eight amino acid peptide derived from ovalbumin, also known as SL8 
(see, e.g., Shastri and Ganzalez (1993) J. Immunol. 150:2724-2736). The abbreviations "SF- 
AH1A5," "SF-AH1-A5," and "OVA/AH1-A5" refer to AH1-A5 connected to an ovalbumin 
scaffold. "SF AH1-A5" refers to the AH1-A5 (SPSYAYHQF (SEQ ID NO:73)) and the SF 
peptide fused to the N-terminus of amino acids 138 to 386 of GenBank Accession. No. 
P01012 (ovalbumin). The polynucleotides encoding "SF-AH1 A5," in this example, 
comprised a codon-optimized nucleic acid encoding AH1-A5 and a non-codon optimized 
nucleic acid encoding the ovalbumin-derived sequence. 

[0535] The results demonstrate that a single immunization with Listeria expressing 

huMesothelin prolongs survival of mice containing huMesothelin-expressing tumors. The 
survival percentage was highest with the chromosomally integrated B. anthracis Protective 
Antigen signal sequence fused with the Asignal sequence/Agpi huMesothelin (BaPA-huMeso 
AgpiAss; closed squares). Survival was lowest where 'Vaccination" was with the control salt 
solution. 

C. Reduction in lung tumor nodule level in tumor-bearing mice vaccinated with Listeria 
expressing human mesothelin due to mesothelin-specific anti-tumor efficacy 
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[0536] The data in Figure 62 demonstrate that the level of lung tumor nodules is 

reduced by vaccination with Listeria AactAAinlB expressing human mesothelin, where the 
tumor cells were engineered to express human mesothelin. The mouse strain was Balb/c and 
the lung tumor cells were CT26 cells harboring a vector expressing human mesothelin. On 
Day 0, 2 x 10 5 CT26 cells expressing human mesothelin were administered intravenously to 
the Balb/c mice. Sequences encoding various signal sequences were operably linked in frame 
with codon-optimized sequences encoding human mesothelin in expression cassettes. The 
expression cassettes encoding various signal peptides fused with human mesothelin were 
administered to the tumor-bearing mice viz Listeria vaccines comprising the expression 
cassettes. On Day 3, 1 x 10 7 CFU/100 pL of the Listeria vaccines were administered to the 
tumor-bearing mice intravenously. Negative control vaccinations were with HBSS or Listeria 
AactAAinlB. Positive control vaccinations were with Listeria expressing an OVA fusion 
protein comprising AH1A5 (in frame with the OVA sequence). (The OVA fusion protein 
comprising AH1 A5 was encoded by a non-codon optimized expression cassette.) On Day 
19, the mice were sacrificed, their lungs harvested, and the lung tumor nodules counted. 
[0537] The Listeria vaccines reduced the number of metastases in the lungs. Control 

vaccines involving only HBBS or Listeria AactAAinlB resulted in a detected consistent 250 
metastases per lung and an average of 135 metastasis per lung, respectively. Listeria bearing 
plasmid (pAM401) encoding LLO signal peptide fused to human mesothelin ("pAM-LLO- 
HuMeso") showed about 25 metastases per lung. The polynucleotide sequences of the pAM- 
LLO-HuMeso plasmid that encoded the LLO signal peptide and the human mesothelin 
sequence were codon-optimized for expression in L monocytogenes. Listeria bearing 
integrated sequences encoding B. anthracis Protective Antigen signal sequence (BaPA) fused 
with huMesothelin (Agpi/Asignal sequence) ("BaPA-HuMeso AgpiAss") also showed on the 
average about 25 metastases per lung on average. The polynucleotide in BaPA-HuMeso 
AgpiAss that encoded the B. anthracis Protective Antigen signal sequence was not codon- 
optimized, whereas the polynucleotide that encoded the human mesothelin sequence deleted 
of the mesothelin signal peptide and GPI anchor was codon-optimized for expression in L. 
monocytogenes. 

[0538] Figure 63 shows the results of a control study using mice comprising lung 

tumor nodules generated using CT.26 parental target cells. Balb/c mice were used, but wt 
CT26 was instead injected (2 x 10 5 cells (i.v.) on Day 0). The study demonstrates that the 
anti-tumor efficacy of vaccination with the Listeria vaccine expressing mesothelin fusion 
proteins is mesothelin specific. Sequences encoding various signal sequences were operably 
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linked in frame with codon-optimized sequences encoding human mesothelin in expression 
cassettes. (The constructs used in this experiment were identical to those used in the 
experiments above to generate the data shown in Figure 62.) The expression cassettes 
encoding various signal peptides fused with human mesothelin were administered to the 
tumor-bearing mice via Listeria vaccines comprising the expression cassettes. Vaccination 
was in the tail vein (1 x 1 0 7 CFU/100 pL i.v. on Day 3). In this particular study, the tumor 
cells did not express human mesothelin. Survival was determined. Where the data was 
available, the number of lung metastases was also measured. There were a total of five mice 
in each vaccination group. Negative control inoculation involved HBSS or Listeria 
AactAAinlB. Positive control inoculation involved Listeria expressing an OVA fusion 
comprising AH1A5 (not codon-optimized). 

[0539] The results are shown in Figure 63. Crosses indicate failure to survive and 

each vaccination group contained 5 mice. With the positive control inoculation, the mice 
survived, and the number of detected metastases in the lung was on the average about 25 per 
lung. As the tumor cells were not engineered to express human mesothelin, the mice 
inoculated with Listeria harboring a plasmid expressing LLO signal peptide fused with 
human mesothelin ("pAM-LLO-HuMeso") did not survive. Where mice were inoculated 
with Listeria bearing chromosomally integrated B. anthracis Protective Antigen secretory 
sequence (BaPA; encoded by a non-codon optimized nucleotide sequence) fused with with 
human mesothelin (Agpi/Asignal sequence) ("BaPA-HuMeso AgpiAss"), some survived but 
others failed to survive. 

D. Vaccination with Listeria expressing codon-optimized human mesothelin reduces tumor 
volume 

[0540] Figure 64 shows vaccination with Listeria (AactAAinlB) expressing human 

mesothelin from expression cassettes comprising codon-optimized mesothelin codon 
sequences reduces tumor volume. 

[0541] Sequences encoding various signal sequences were operably linked in frame 

with codon-optimized sequences encoding human mesothelin in expression cassettes. The 
expression cassettes encoding various signal peptides fused with human mesothelin were 
administered to tumor-bearing mice via Listeria vaccines comprising the expression 
cassettes. The Listeria vaccines expressing human mesothelin that were used for vaccination 
of the tumor-bearing mice in this study include the following: Listeria (AactAAinlB L. 
monocytogenes) bearing a pAM401 plasmid expressing and secreting LLO signal peptide 
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(encoded by a sequence codon-optimized for expression in L. monocytogenes) fused with 
human mesothelin ("pAM opt.LLO-opthuMeso"); Listeria bearing a pAM401 plasmid 
expressing B. anthracis Protective Antigen signal sequence (encoded by a non-codon 
optimized expression cassette) fused with huMesothelin ("pAM non-opt.BaPA- 
opthuMeso"); and Listeria comprising an integrated expression cassette encoding B. 
anthracis Protective Antigen signal peptide (encoded by a non-codon optimized sequence) 
fused with huMesothelin, where the huMesothelin had a deleted signal sequence and a 
deleted region encoding the hydrophobic gpi-anchoring peptide ('TSTon-optBaPA-opthuMeso 
delgpi-ss"). 

[0542] In the study, Balb/c mice were implanted subcutaneously with 2 x 1 0 5 cells of 

CT26 murine colon tumor cells engineered to expression human mesothelin (Day 0). Five 
mice were included in each vaccination group. On Day 3 following injection with the CT26 
cells, the mice were vaccinated with non-Listerial control or 1 x 10 7 colony forming units 
(CFU) of the Listeria vaccine intravenously. Negative control inoculation involved HBSS. 
Positive control inoculation involved Listeria expressing SF-AH1 A5 (codon optimized). (SF 
is an eight amino acid peptide derived from ovalbumin, also known as SL8 (see, e.g., Shastri 
and Ganzalez (1993) J. Immunol. 150:2724-2736).) At various time points, the mean tumor 
volume was determined. 

[0543] The results of this study are shown in Figure 64. The results demonstrated 

that vaccination with Listeria expressing human mesothelin fused to various signal peptides 
reduces tumor volume. Vaccination with Listeria expressing a B. anthracis Protective 
Antigen signal peptide fused with human mesothelin was protective (open circles with dotted 
line). Vaccination with Listeria expressing plasmid-encoded human mesothelin fused to LLO 
signal peptide was protective (open triangles). Vaccination with Listeria comprising a 
chromosomally integrated expression cassette encoding B. anthracis Protective Antigen (non- 
codon optimized nucleic acid) signal peptide fused with human mesothelin (Agpi/Asignal 
sequence) (open ovals with solid line) was also protective. Regarding the positive controls, 
Listeria expressing chromosomally integrated SF-AH1 A5 (open squares) were also 
protective. The highest tumor volume, and earliest time of tumor growth onset, occurred in 
mice receiving the sham vaccine (HBSS). 

E Immunogenicity of a Listeria vaccine expressing human mesothelin fused to a non- 
Listerial signal sequence 
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[0544] Figure 65 depicts the immunogenicity of a Listeria AactA/AinW-YMesoihelm 

strain, where the Listeria contained a chromosomally integrated nucleic acid encoding 
hMesothelin fused to a Bacillus anthracis signal peptide (optimized Ba PA hMeso 
AGPIASS). ELISPOT assays were used to assess immune response, where the assays were 
sensitive to expression of interferon-gamma. 

[0545] The study comprised the following steps: (1) Mice (Balb/c mice or C57BL/6 

mice) were vaccinated (i.v.) with the Listeria comprising an integrated expression cassette 
encoding B. anthracis Protective Antigen signal peptide (encoded by a non-codon optimized 
sequence) fused with huMesothelin (encoded by a codon-optimized sequences in which the 
mesothelin signal sequence and hydrophobic gpi-anchoring sequences had been deleted); (2) 
After 7 days, the spleens were removed; (3) The cells removed from the spleens were 
dispersed in wells. Each well received about 200,000 spleen cells; (4) One of three kinds of 
medium were added to the wells, as indicated. Spleen cells from studies with Balb/c mice 
received medium only ("Unstimulated"), mesothelin peptide pool ("Meso pool"), or P6O217-225 
("p60 2 i7")- Spleen cells from studies with C57BL/6 received medium only ("Unstimulated"), 
mesothelin peptide pool ("Meso pool"), or LLO 2 96-304 ("LLO296-304"); (5) ELISPOT assays 
were performed to determine number of immune cells responding to the added peptide(s). 
The mesothelin peptide pool comprised 153 different peptides, where these peptides spanned 
the entire sequence of hMesothelin, where each peptide was 15 amino acids long, 
overlapping the adjacent peptides by 1 1 amino acids. 

[0546] The results of the ELISPOT assays are shown in Figure 65. The results 

indicated that the Listeria vaccine expressing human mesothelin fused to B. anthracis signal 
peptide was capable of inducing an immune response to mesothelin in Balb/c mice. A 
higher IFN-gamma response to Zwter/a-expressed hMesothelin was observed with the Balb/c 
mouse immune system than with the C57BL/6 immune system. ELISPOT signal to p60 or 
LLO was in response to the Listeria's naturally occurring p60 and LLO proteins. 

[0547] All publications, patents, patent applications, internet sites, and accession 

numbers/database sequences (including both polynucleotide and polypeptide sequences) cited 
herein are hereby incorporated by reference herein in their entirety for all purposes to the 
same extent as if each individual publication, patent, patent application, internet site, or 
accession number/database sequence were specifically and individually indicated to be so 
incorporated by reference. 
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CLAIMS 

We claim: 

1 . A recombinant nucleic acid molecule, comprising: 

(a) a first polynucleotide encoding a signal peptide native to a bacterium, wherein the 
first polynucleotide is codon-optimized for expression in the bacterium; and 

(b) a second polynucleotide encoding a polypeptide, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, 
wherein the recombinant nucleic acid molecule encodes a fusion protein comprising the 
signal peptide and the polypeptide. 

2. The recombinant nucleic acid molecule of claim 1 , wherein the bacterium is a Listeria 
bacterium. 

3. The recombinant nucleic acid molecule of claim 1, wherein the polypeptide encoded 
by the second polynucleotide comprises an antigen selected from the group consisting of a 
tumor-associated antigen, a polypeptide derived from a tumor-associated antigen, an 
infectious disease antigen, and a polypeptide derived from an infectious disease antigen. 

4. The recombinant nucleic acid molecule of claim 1 , wherein the polypeptide encoded 
by the second polynucleotide is heterologous to the signal peptide, foreign to the bacterium, 
or both. 

5. The recombinant nucleic acid molecule of claim 1, wherein the signal peptide is an 
LLO signal peptide from Listeria monocytogenes or is a p60 signal peptide from Listeria 
monocytogenes. 

6. An expression cassette comprising the recombinant nucleic acid molecule of claim 1 , 
further comprising a promoter operably linked to the first and second polynucleotides of the 
recombinant nucleic acid molecule. 
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7. A recombinant bacterium comprising the recombinant nucleic acid molecule of claim 
1, wherein the first polynucleotide is codon-optimized for expression in the recombinant 
bacterium. 

8. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
bacterium of claim 7, wherein the polypeptide encoded by the second polynucleotide 
comprises the antigen. 

9. A recombinant Listeria bacterium comprising a recombinant nucleic acid molecule, 
wherein the recombinant nucleic acid molecule comprises: 

(a) a first polynucleotide encoding a signal peptide, wherein the first polynucleotide 
is codon-optimized for expression in a Listeria bacterium; and 

(b) a second polynucleotide encoding a polypeptide, wherein the second 
polynucleotide is in the same translational reading frame as the first polynucleotide, 

wherein the recombinant nucleic acid molecule encodes a fusion protein comprising 
the signal peptide and the polypeptide. 

10. The recombinant Listeria bacterium of claim 9, which comprises an expression 
cassette comprising the recombinant nucleic acid molecule, wherein the expression cassette 
further comprises a promoter operably linked to both the first and second polynucleotides of 
the recombinant nucleic acid molecule. 

1 1 . The recombinant Listeria bacterium of claim 9, wherein the Listeria bacterium 
belongs to the species Listeria monocytogenes. 

12. The recombinant Listeria bacterium of claim 9, wherein the polypeptide encoded by 
the second polynucleotide comprises an antigen selected from the group consisting of a 
tumor-associated antigen, a polypeptide derived from a tumor-associated antigen, an 
infectious disease antigen, and a polypeptide derived from an infectious disease antigep. 
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1 3. The recombinant Listeria bacterium of claim 12, wherein the polypeptide encoded by 
the second polynucleotide comprises an antigen selected from the group consisting of K-Ras, 
H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA, or comprises a polypeptide derived 
from an antigen selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, 
mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, 
PAGE-4, TARP, and CEA. 

1 4. The recombinant Listeria bacterium of claim 13, wherein the polypeptide encoded by 
the second polynucleotide comprises mesothelin, or an antigenic fragment or antigenic 
variant thereof, or comprises NY-ESO-1, or an antigenic fragment or antigenic variant 
thereof 

15. The recombinant Listeria bacterium of claim 14, wherein the polypeptide encoded by 
the second polynucleotide comprises human mesothelin deleted of its signal peptide and GPI 
linker domain. 

1 6. The recombinant Listeria bacterium of claim 9, wherein the polypeptide encoded by 
the second polynucleotide is heterologous to the signal peptide. 

17. The recombinant Listeria bacterium of claim 9, wherein the signal peptide is foreign 
to the Listeria bacterium. 

1 8. The recombinant Listeria bacterium of claim 9, wherein the signal peptide is native to 
the Listeria bacterium. 

19. The recombinant Listeria bacterium of claim 9, wherein the signal peptide is a signal 
peptide selected from the group consisting of an LLO signal peptide from Listeria 
monocytogenes, a Usp45 signal peptide from Lactococcus lactis 9 a Protective Antigen signal 
peptide from Bacillus anthracis, a p60 signal peptide from Listeria monocytogenes, and a 
PhoD signal peptide from B. subtilis. 
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20. The recombinant Listeria bacterium of claim 9, which is attenuated for cell-to-cell 
spread, entry into non-phagocytic cells, or proliferation. 

21 . The recombinant Listeria bacterium of claim 9, which is deficient with respect to 
ActA, Intemalin B, or both ActA and Internalin B. 

22. The recombinant Listeria bacterium of claim 9, wherein the nucleic acid of the 
recombinant bacterium has been modified by reaction with a nucleic acid targeting 
compound. 

23. An immunogenic composition or vaccine comprising the recombinant Listeria 
bacterium of claim 9. 

24. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
Listeria bacterium of claim 9, wherein the polypeptide encoded by the second polynucleotide 
comprises the antigen. 

25. A method of preventing or treating a condition in a host comprising administering to 
the host an effective amount of a composition comprising the recombinant Listeria 
bacterium of claim 9. 

26. A recombinant nucleic acid molecule, comprising: 

(a) a first polynucleotide encoding a non-secAl bacterial signal peptide; and 

(b) a second polynucleotide encoding a polypeptide heterologous to the signal 
peptide, wherein the second polynucleotide is in the same translational reading frame as the 
first polynucleotide, and 

wherein the recombinant nucleic acid molecule encodes a fusion protein comprising the 
signal peptide and the polypeptide. 
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27. The recombinant nucleic acid molecule of claim 26, wherein the first polynucleotide, 
the second polynucleotide, or both the first and second polynucleotides are codon-optimized 
for expression in a bacterium. 

28. The recombinant nucleic acid molecule of claim 26, wherein the signal peptide is a 
Listerial signal peptide. 

29. The recombinant nucleic acid molecule of claim 26, wherein the signal peptide is a 
secA2 signal peptide or a Tat signal peptide. 

30. The recombinant nucleic acid molecule of claim 26, wherein the signal peptide is a 
p60 signal peptide from Listeria monocytogenes or is a phoD signal peptide from B. subtilis. 

3 1 . The recombinant nucleic acid molecule of claim 26, wherein the polypeptide encoded 
by the second polynucleotide comprises an antigen selected from the group consisting of a 
tumor-associated antigen, a polypeptide derived from a tumor-associated antigen, an 
infectious disease antigen, and a polypeptide derived from an infectious disease antigen. 

32. An expression cassette comprising the recombinant nucleic acid molecule of claim 26, 
further comprising a promoter operably linked to the first and second polynucleotides of the 
recombinant nucleic acid molecule. 

33. A recombinant bacterium comprising the recombinant nucleic acid molecule of claim 
26. 

34. The recombinant bacterium of claim 33, which is a Listeria bacterium. 

35. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
bacterium of claim 33, wherein the polypeptide encoded by the second polynucleotide 
comprises the antigen. 
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36. A recombinant Listeria bacterium comprising a recombinant nucleic acid molecule, 
wherein the recombinant nucleic acid molecule comprises: 

(a) a first polynucleotide encoding a non-secAl bacterial signal peptide; and 

(b) a second polynucleotide encoding a polypeptide which is heterologous to the 
signal peptide or is foreign to the bacterium, or both, wherein the second polynucleotide is in 
the same translational reading frame as the first polynucleotide; 

wherein the recombinant nucleic acid molecule encodes a fusion protein comprising 
the signal peptide and the polypeptide. 

37. The recombinant Listeria bacterium of claim 36, which comprises an expression 
cassette comprising the recombinant nucleic acid molecule, wherein the expression cassette 
further comprises a promoter operably linked to both the first and second polynucleotides of 
the recombinant nucleic acid molecule. 

38. The recombinant Listeria bacterium of claim 36, wherein the first polynucleotide, the 
second polynucleotide, or both the first and second polynucleotide are codon-optimized for 
expression in the Listeria bacterium. 

39. The recombinant Listeria bacterium of claim 36, wherein the bacterium belongs to the 
species Listeria monocytogenes. 

40. The recombinant Listeria bacterium of claim 36, wherein the non-secAl signal 
peptide is anon-Listerial signal peptide. 

41 . The recombinant Listeria bacterium of claim 36, wherein the non-secAl signal 
peptide is a Listerial signal peptide. 

42. The recombinant Listeria bacterium of claim 36, wherein the signal peptide is a secA2 
signal peptide. 

43. The recombinant Listeria of claim 42, wherein the recombinant nucleic acid molecule 
further comprises: 
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(c) a third polynucleotide encoding a secA2 autolysin, or a fragment thereof, in the 
same translational reading frame as the first and second polynucleotides, wherein the second 
polynucleotide is positioned within the third polynucleotide or between the first and third 
polynucleotides. 

44. The recombinant Listeria bacterium of claim 36, wherein the signal peptide is a Tat 
signal peptide. 

45. The recombinant Listeria bacterium of claim 36, wherein the signal peptide is a PhoD 
signal peptide from B. subtilis or is a p60 signal peptide from Listeria monocytogenes. 

46. The recombinant Listeria bacterium of claim 36, wherein the polypeptide encoded by 
the second polynucleotide comprises an antigen selected from the group consisting of a 
tumor-associated antigen, a polypeptide derived from, a tumor-associated antigen, an 
infectious disease antigen, and a polypeptide derived from an infectious disease antigen. 

47. The recombinant Listeria bacterium of claim 46, wherein the polypeptide encoded by 
the second polynucleotide comprises an antigen selected from the group consisting of K-Ras, 
H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
proteinase 3, SPAS-1, SP-17, PAGE-4, TARP, and CEA, or comprises a polypeptide derived 
from an antigen selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, 
mesothelin, PSCA, NY-ESO-l, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, * 
PAGE-4, TARP, and CEA. 

48. The recombinant Listeria bacterium of claim 47, wherein the polypeptide encoded by 
the second polynucleotide comprises mesothelin, or an antigenic fragment or antigenic 
variant thereof. 

49. The recombinant Listeria bacterium of claim 48, wherein the polypeptide encoded by 
the second polynucleotide comprises human mesothelin deleted of its signal peptide and GPI 
anchor. 
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50. The recombinant Listeria bacterium of claim 36, which is attenuated for cell-to-cell 
spread, entry into non-phagocytic cells, or proliferation. 

51 . The recombinant Listeria bacterium of claim 36, which is deficient with respect to 
ActA, Internalin B, or both ActA and Internalin B. 

52. The recombinant Listeria bacterium of claim 36, wherein the nucleic acid of the 
recombinant bacterium has been modified by reaction with a nucleic acid targeting 
compound. 

53 . An immunogenic composition or vaccine comprising the recombinant Listeria 
bacterium of claim 36. 

54. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
Listeria bacterium of claim 36, wherein the polypeptide encoded by the second 
polynucleotide comprises the antigen. 

55. A method of preventing or treating a condition in a host comprising administering to 
the host an effective amount of a composition comprising the recombinant Listeria 
bacterium of claim 36. 

56. A recombinant Listeria bacterium comprising a recombinant nucleic acid molecule, 
wherein the recombinant nucleic acid molecule comprises: 

(a) a first polynucleotide encoding a non-Listerial signal peptide; and 

(b) a second polynucleotide encoding a polypeptide that is in the same translational 
reading frame as the first polynucleotide, 

wherein the recombinant nucleic acid molecule encodes a fusion protein comprising 
both the non-Listerial signal peptide and the polypeptide. 

57. The recombinant Listeria bacterium of claim 56, which comprises an expression 
cassette comprising the recombinant nucleic acid molecule, wherein the expression cassette 
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further comprises a promoter operably linked to both the first and second polynucleotides of 
the recombinant nucleic acid molecule. 

58. The recombinant Listeria bacterium of claim 56, wherein the first polynucleotide, the 
second polynucleotide, or both the first and second polynucleotides are codon-optimized for 
expression in the Listeria bacterium. 

59. The recombinant Listeria bacterium of claim 56, wherein the bacterium is Listeria 
monocytogenes. 

60. The recombinant Listeria bacterium of claim 56, wherein the signal peptide is 
bacterial. 

61 . The recombinant Listeria bacterium of claim 60, wherein the signal peptide is derived 
from a gram positive bacterium. 

62. The recombinant Listeria bacterium of claim 61 , wherein the signal peptide is derived 
from a bacterium belonging to the genus Bacillus, Staphylococcus, or Lactococcus. 

63 . The recombinant Listeria bacterium of claim 62, wherein the signal peptide is a signal 
peptide selected from the group consisting of a Usp45 signal peptide from Lactococcus lactis, 
a Protective Antigen signal peptide from Bacillus anthracis, and a PhoD signal peptide from 
Bacillus subtilis. 

64. The recombinant Listeria bacterium of claim 56, wherein the polypeptide encoded by 
the second polynucleotide comprises an antigen selected from the group consisting of a 
tumor-associated antigen, a polypeptide derived from a tumor-associated antigen, an 
infectious disease antigen, and a polypeptide derived from an infectious disease antigen. 

65 . The recombinant Listeria bacterium of claim 64, wherein the polypeptide encoded by 
the second polynucleotide comprises an antigen selected from the group consisting of K-Ras, 
H-Ras, N-Ras, 12-K-Ras, mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, 
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proteinase 3, SPAS-1 , SP-17, PAGE-4, TARP, and CEA, or comprises a polypeptide derived 
from an antigen selected from the group consisting of K-Ras, H-Ras, N-Ras, 12-K-Ras, 
mesothelin, PSCA, NY-ESO-1, WT-1, survivin, gplOO, PAP, proteinase 3, SPAS-1, SP-17, 
PAGE-4, TARP, and CEA. 

66. The recombinant Listeria bacterium of claim 65, wherein the polypeptide encoded by 
the second polynucleotide comprises mesothelin, or an antigenic fragment or antigenic 
variant thereof 

67. The recombinant Listeria bacterium of claim 66, wherein the polypeptide encoded by 
the second polynucleotide comprises human mesothelin deleted of its signal peptide and GPI 
anchor. 

68. The recombinant Listeria bacterium of claim 56, which is attenuated for cell-to-cell 
spread, entry into non-phagocytic cells, or proliferation. 

69. The recombinant Listeria bacterium of claim 56, which is deficient with respect to 
ActA, Internalin B, or both ActA and Internalin B. 

70. The recombinant Listeria bacterium of claim 56, wherein the nucleic acid of the 
recombinant bacterium has been modified by reaction with a nucleic acid targeting 
compound. 

71 . An immunogenic composition or vaccine comprising the recombinant Listeria 
bacterium of claim 56. 

72. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
Listeria bacterium of claim 56, wherein the polypeptide encoded by the second 
polynucleotide comprises the antigen. 
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73. A method of preventing or treating a condition in a host comprising administering to 
the host an effective amount of a composition comprising the recombinant Listeria 
bacterium of claim 56. 

74. A recombinant nucleic acid molecule, comprising: 

(a) a first polynucleotide encoding a bacterial autolysin, or a catalytically active 
fragment or catalytically active variant thereof; and 

(b) a second polynucleotide encoding a polypeptide heterologous to the bacterial 
autolysin, wherein the second polynucleotide is in the same translational reading frame as the 
first polynucleotide, 

wherein the recombinant nucleic acid molecule encodes a protein chimera comprising 
the polypeptide encoded by the second polynucleotide and the autolysin, or catalytically 
active fragment or catalytically active variant thereof, wherein in the protein chimera the 
polypeptide is fused to the autolysin, or catalytically active fragment or catalytically active 
variant thereof, or is positioned within the autolysin, or catalytically active fragment or 
catalytically active variant thereof. 

75. A recombinant bacterium comprising the recombinant nucleic acid molecule of claim 
74. 

76. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
bacterium of claim 75, wherein the polypeptide encoded by the second polynucleotide 
comprises the antigen. 

77. A recombinant Listeria bacterium comprising a polycistronic expression cassette, 
wherein the polycistronic expression cassette encodes at least two discrete non-Listerial 
polypeptides. 

78. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
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Listeria bacterium of claim 77, wherein at least one of the non-Listerial polypeptides encoded 
by the polycistronic expression cassette comprises the antigen. 

79. A recombinant Listeria bacterium comprising a recombinant nucleic acid molecule, 
wherein the recombinant nucleic acid molecule comprises a polynucleotide encoding a 
polypeptide foreign to the Listeria bacterium, wherein the polynucleotide is codon-optimized 
for expression in Listeria. 

80. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
Listeria bacterium of claim 79, wherein the foreign polypeptide comprises the antigen. 

81. A recombinant nucleic acid molecule, comprising: 

(a) a first polynucleotide encoding a signal peptide; 

(b) a second polynucleotide encoding a secreted protein, or a fragment thereof, 
wherein the second polynucleotide is in the same translational reading frame as the first 
polynucleotide; and 

(c) a third polynucleotide encoding a polypeptide heterologous to the secreted 
protein, or fragment thereof, wherein the third polynucleotide is in the same translational 
reading frame as the first and second polynucleotides, 

wherein the recombinant nucleic acid molecule encodes a protein chimera comprising 
the signal peptide, the polypeptide encoded by the third polynucleotide, and the secreted 
protein, or fragment thereof, and wherein the polypeptide encoded by the third polynucleotide 
is fused to the secreted protein, or fragment thereof, or is positioned within the secreted 
protein, or fragment thereof, in the protein chimera. 

82. A recombinant bacterium comprising the recombinant nucleic acid molecule of claim 
81. 

83. A method of inducing an immune response in a host to an antigen comprising 
administering to the host an effective amount of a composition comprising the recombinant 
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bacterium of claim 82, wherein the polypeptide encoded by the third polynucleotide 
comprises the antigen. 

84. Use of the recombinant bacterium of claim 7, 9, 33, 36, 56, or 75 in the manufacture 
of a medicament for inducing an immune response in a host to an antigen, wherein the 
polypeptide encoded by the second polynucleotide comprises the antigen. 

85. Use of the recombinant Listeria bacterium of claim 77 in the manufacture of a 
medicament for inducing an immune response in a host to an antigen, wherein at least one of 
the non-Listerial polypeptides encoded by the polycistronic expression cassette comprises the 
antigen. 

86. Use of Ihe recombinant Listeria bacterium of claim 79 in the manufacture of a 
medicament for inducing an immune response in a host to an antigen, wherein the foreign 
polypeptide comprises the antigen. 

87. Use of the recombinant bacterium of claim 82 in the manufacture of a medicament for 
inducing an immune response in a host to an antigen, wherein the polypeptide encoded by the 
third polynucleotide comprises the antigen. 

88. Use of the recombinant bacterium of claim 7, 9, 33, 36, 56, 75, 77, 79, or 82 in the 
manufacture of a medicament for preventing or treating a condition in a host. 
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Construct: LLOss-PEST-hEphA2 

Native LLO signal peptide. + PEST fused to full-length human EphA2 
Not Codon optimized 

No epitope tags (e.g., myc or FLAG used in this construct) 
Fusion protein coding sequence shown 

ATGAAAAAAATAATGCTAGliiriATTACACTTATATTAGTTAGTCTACCAATTGCGCAACAAACTGAA 

GCA^AAGGATGCATCTGCATTCAATAAAGAAAATTCAATTTCATCCATGGCACCACCAGCATCTCCGCC 

TGCAAGTCCTAAGACGCCAATCGAAAAGAAACACGCGGATCTCGAGCTCCAGGCAGCCCGCGCCTGC 

TTCGCCCTGCTGTGGGGCTGTGCGCTGGCCGCGGCCGCGGCGGCGCAGGGCAAGGAAGTGGTACTGCT 

GGACTTTGCTGCAGCTGGAGGGGAGCTCGGCTGGCTCACACACCCGTATGGCAAAGGGTGGGACCTG 

ATGCAGAACATCATGAATGACATGCCGATCTACATGTACTCCGTGTGCAACGTGATGTCTGGCGACCA 

GGACAACTGGCTCCGCACCAACTGGGTGTACCGAGGAGAGGCTGAGCGTATCITCATTGAGCTCAAGT 

TTACTGTACGTGACTGCAACAGCTTCCCTGGTGGCGCCAGCTCCTGCAAGGAGACm 

ATGCCGAGTCGGACCTGGACTACGGCACCAACTTCCAGAAGCGCCTGTTCACCAAGATTGACACCATT 

GCGCCCGATGAGATCACCGTCAGCAGCGACTTCGAGGCACGCCACGTGAAGCTGAACGTGGAGGAGC 

GCTCCGTGGGGCCGCTCACCCGCAAAGGCTTCTACCTGGCCTTCCAGGATATCGGTGCCTGTGTGGCG 

CTGCTCTCCGTCCGTGTCTACTACAAGAAGTGCCCCGAGCTGCTGCAGGGCCTGGCCCACnTCCCTGAG 

ACCATCGCCGGCTCTGATGCACCrTCCCTGGCCACTGTGGCCGGCACCTGTGTGGACCATGCCGTGGTG 

CCACCGGGGGGTGAAGAGCCCCGTATGCACTGTGCAGTGGATGGCGAGTGGCTGGTGCCCATTGGGC 

AGTGCCTGTGCCAGGCAGGCTACGAGAAGGTGGAGGATGCCTGCCAGGCCTGCTCGCCTGGATTTTTT 

AAGTTTGAGGCATCTGAGAGCCCCTGCTTGGAGTGCCCTGAGCACACGCTGCCATCCCCTGAGGGTGC 

CACCTCCTGCGAGTGTGAGGAAGGCTTC1TCCGGGCACCTCAGGACCCAGCGTCGATGCCTTGCACAC 

GACCCCCCTCCGCCCCACACTACCTCACAGCCGTGGGCATGGGTGCCAAGGTGGAGCTGCGCTGGACG 

CCCCCTCAGGACAGCGGGGGCCGCGAGGACATTGTCTACAGCGTCACCTGCGAACAGTGCTGGCCCGA 

GTCTGGGGAATGCGGGCCGTGTGAGGCCAGTGTGCGCTACTCGGAGCCTCCTCACGGACTGACCCGCA 

CCAGTGTGACAGTGAGCGACCTGGAGCCCCACATGAACTACACCTTCACCGTGGAGGCCCGCAATGGC 

GTCTCAGGCCTGGTAACCAGCCGCAGCTTCCGTACTGCCAGTGTCAGCATCAACCAGACAGAGCCCCC 

CAAGGTGAGGCTGGAGGGCCGCAGCACCACCTCGCTTAGCGTCTCCTGGAGCATCCCCCCGCCGCAGC 

AGAGCCGAGTGTGGAAGTACGAGGTCACTTACCGCAAGAAGGGAGACTCCAACAGCTACAATGTGCG 

CCGCACCGAGGGTTTCTCCGTGACCCTGGACGACCTGGCCCCAGACACCACCTACCTGGTCCAGGTGC 

AGGCACTGACGCAGGAGGGCCAGGGGGCCGGCAGCAGGGTGCACGAATTCCAGACGCTGTCCCCGGA 

GGGATCTGGCAACTTGGCGGTGATTGGCGGCGTGGCTGTCGGTGTGGTCCTGCTTCTGGTGCTGGCAG 

GAGTTGGCTTCnTTATCCACCGCAGGAGGAAGAACCAGCGTGCCCGCCAGTCCCCGGAGGACGTTTAC 

TTCTCCAAGTCAGAACAACTGAAGCCCCTGAAGACATACGTGGACCCCCACACATATGAGGACCCCAA 

CCAGGCTGTGTTGAAGTTCACTACCGAGATCCATCCATCCTGTGTCACTCGGCAGAAGGTGATCGGAG 

CAGGAGAGTTTGGGGAGGTGTACAAGGGCATGCTGAAGACATCCTCGGGGAAGAAGGAGGTGCCGGT 

GGCCATCAAGACGCTGAAAGCCGGCTACACAGAGAAGCAGCGAGTGGACTTCCTCGGCGAGGCCGGC 

ATCATGGGCCAGTTCAGCCACCACAACATCATCCGCCTAGAGGGCGTCATCTCCAAATACAAGCCCAT 

GATGATCATCACTGAGTACATGGAGAATGGGGCCCTGGACAAGTTCCTTCGGGAGAAGGATGGCGAG 

TTCAGCGTGCTGCAGCTGGTGGGCATGCTGCGGGGCATCGCAGCTGGCATGAAGTACCTGGCCAACAT 

GAACTATGTGCACCGTGACCTGGCTGCCCGCAACATCCTCGTCAACAGCAACCTGGTCTGCAAGGTGT 

CTGACTTTGGCCTGTCCCGCGTGCTGGAGGACGACCCCGAGGCCACCTACACCACCAGTGGCGGCAAG 

ATCCCCATCCGCTGGACCGCCCCGGAGGCCATTTCCTACCGGAAGTTCACCTCTGCCAGCGACGTGTG 

GAGCTTTGGCATTGTCATGTGGGAGGTGATGACCTATGGCGAGCGGCCCTACTGGGAGTTGTCCAACC 

ACGAGGTGATGAAAGCCATCAATGATGGCTTCCGGCTCCCCACACCCATGGACTGCCCCTCCGCCATC 

TACCAGCTCATGATGCAGTGCTGGCAGCAGGAGCGTGCCCGCCGCCCCAAGTTCGCTGACATCGTCAG 

CATCCTGGACAAGCTCATTCGTGCCCCTGACTCCCTCAAGACCCTGGCTGACTTTGACCCCCGCGTGTC 

TATCCGGCTCCCCAGCACGAGCGGCTCGGAGGGGGTGCCCTTCCGCACGGTGTCCGAGTGGCTGGAGT 

CCATCAAGATGCAGCAGTATACGGAGCACTTCATGGCGGCCGGCTACACTGCCATCGAGAAGGTGGTG 

CAGATGACCAACGACGACATCAAGAGGATTGGGGTGCGGCTGCCCGGCCACCAGAAGCGCATCGCCT 

ACAGCCTGCTGGGACTCAAGGACCAGGTGAACACTGTGGGGATCCCCATC 
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Construct: LLOss-PEST-hEphA2 

Native LLO signal peptide + PEST fused to full-length human EphA2 
Not Codon optimized 

No epitope tags (e.g., myc or FLAG used in this construct) 
Predicted fusion protein shown 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADLELQAARAC 

FALLWGCALAAAAAAQGKEVVLLDFAAAGGELG 

WLTHPYGKGWDLMQNIMNDMPIYMYSVCNVMS 

GDQDNWLRTNWVYRGEAERIFIELKFTVRDCNSF 

PGGASSCK.ETFNLYYAESDLDYGTNFQKRLFTKI 

DTIAPDEITVSSDFEARHVKLNVEERSVGPLTRK 

GFYLAFQDIGACVALLSVRVYYKKCPELLQGLA 

HFPETIAGSDAPSLATVAGTCVDHAVVPPGGEEP 

RMHCAVDGEWLVPIGQCLCQAGYEKVEDACQAC 

SPGFFKFEASESPCLECPEHTLPSPEGATSCECEE 

GFFRAPQDPASMPCTRPPSAPHYLTAVGMGAKV 

ELRWTPPQDSGGREDIVYSVTCEQCWPESGECGP 

CEASVRYSEPPHGLTRTSVTVSDLEPHMNYTFTV 

EARNGVSGLVTSRSFRTASVSINQTEPPKVRLEG 

RSTTSLSVSWSIPPPQQSRVWKYEVTYRKKGDSN 

SYNVRRTEGFSVTLDDLAPDTTYLVQVQALTQE 

GQGAGSRVHEFQTLSPEGSGNLAVIGGVAVGVV 

LLLVLAGVGFFIHRRRKNQRARQSPEDVYFSKSE 

QLKPLKTYVDPHTYEDPNQAVLKFTTEIHPSCVT 

RQKVIGAGEFGEVYKGMLKTSSGKKEVPVAIKTL 

KAGYTEKQRVDFLGEAGIMGQFSHHNIIRLEGVI 

SKYKPMMIITEYMENGALDKFLREKDGEFSVLQL 

VGMLRGIAAGMKYLANMNYVHRDLAARNILVNS 

NLVCKVSDFGLSRVLEDDPEATYTTSGGKIPIRW 

TAPEAISYRKFTSASDVWSFGIVMWEVMTYGERP 

YWELSNHEVMKAINDGFRLPTPMDCPSAIYQLM 

MQCWQQERARRPKFADIVSILDKLIRAPDSLKTL 

ADFDPRVSIRLPSTSGSEGVPFRTVSEWLESIKM 

QQYTEHFMAAGYTAIEKVVQMTNDDIKRIGVRL 

PGHQKRIAYSLLGLKDQVNTVGIPI 
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EphA2 EX2 domain 
Native nucleotide sequence 

CAGGGCAAGGAAGTGGTACTGCTGGACTTTGCTGCAGCTGGAGGGGAGCTCGGCTG 

GCTCACACACCCGTATGGCAAAGGGTGGGACCTGATGCAGAACATCATGAATGACA 

TGCCGATCTACATGTACTCCGTGTGCAACGTGATGTCTGGCGACCAGGACAACTGGC 

TCCGCACCAACTGGGTGTACCGAGGAGAGGCTGAGCGTATCTTCATTGAGCTCAAGT 

TTACTGTACGTGACTGCAACAGCTTCCCTGGTGGCGCCAGCTCCTGCAAGGAGACTT 

TCAACCTCTACTATGCCGAGTCGGACCTGGACTACGGCACCAACTTCCAGAAGCGCC 

TGTTCACCAAGATTGACACCATTGCGCCCGATGAGATCACCGTCAGCAGCGACTTCG 

AGGCACGCCACGTGAAGCTGAACGTGGAGGAGCGCTCCGTGGGGCCGCTCACCCGC 

AAAGGCTTCTACCTGGCCTTCCAGGATATCGGTGCCTGTGTGGCGCTGCTCTCCGTC 

CGTGTCTACTACAAGAAGTGCCCCGAGCTGCTGCAGGGCCTGGCCCACTTCCCTGAG 

ACCATCGCCGGCTCTGATGCACCTTCCCTGGCCACTGTGGCCGGCACCTGTGTGGAC 

CATGCCGTGGTGCCACCGGGGGGTGAAGAGCCCCGTATGCACTGTGCAGTGGATGG 

CGAGTGGCTGGTGCCCATTGGGCAGTGCCTGTGCCAGGCAGGCTACGAGAAGGTGG 

AGGATGCCTGCCAGGCCTGCTCGCCTGGATTTTTTAAGTTTGAGGCATCTGAGAGCC 

CCTGCTTGGAGTGCCCTGAGCACACGCTGCCATCCCCTGAGGGTGCCACCTCCTGCG 

AGTGTGAGGAAGGCTTCTTCCGGGCACCTCAGGACCCAGCGTCGATGCCTTGCACAC 

GACCCCCCTCCGCCCCACACTACCTCACAGCCGTGGGCATGGGTGCCAAGGTGGAG 

CTGCGCTGGACGCCCCCTCAGGACAGCGGGGGCCGCGAGGACATTGTCTACAGCGT 

CACCTGCGAACAGTGCTGGCCCGAGTCTGGGGAATGCGGGCCGTGTGAGGCCAGTG 

TGCGCTACTCGGAGCCTCCTCACGGACTGACCCGCACCAGTGTGACAGTGAGCGAC 

CTGGAGCCCCACATGAACTACACCTTCACCGTGGAGGCCCGCAATGGCGTCTCAGG 

CCTGGTAACCAGCCGCAGCTTCCGTACTGCCAGTGTCAGCATCAACCAGACAGAGC 

CCCCCAAGGTGAGGCTGGAGGGCCGCAGCACCACCTCGCTTAGCGTCTCCTGGAGC 

ATCCCCCCGCCGCAGCAGAGCCGAGTGTGGAAGTACGAGGTCACTTACCGCAAGAA 

GGGAGACTCCAACAGCTACAATGTGCGCCGCACCGAGGGTTTCTCCGTGACCCTGG 

ACGACCTGGCCCCAGACACCACCTACCTGGTCCAGGTGCAGGCACTGACGCAGGAG 

GGCCAGGGGGCCGGCAGCAGGGTGCACGAATTCCAGACG 
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EphA2 EX2 domain 

Nucleotide sequence for optimal codon usage in Listeria 

CAAGGTAAAGAAGTTGTTTTATTAGATTTTGCAGCAGCAGGTGGTGAATTAGGTTGG 

TTAACACATCCATATGGTAAAGGTTGGGATTTAATGCAAAATATTATGAATGATATG 

CCAATTTATATGTATAGTGTTTGTAATGTTATGAGTGGTGATCAAGATAATTGGTTAC 

GTACAAATTGGGTTTATCGTGGTGAAGCAGAACGTATTTTTATtGAATTAAAATrTA 

CAGTTCGTGATTGTAATAGTTTTCCAGGTGGTGCAAGTAGTTGTAAAGAAACATTTA 

ATTTATATTATGCAGAAAGTGATTTAGATTATGGTACAAATTTTCAAAAACGTTTATT 

TACAAAAATTGATACAATTGCACCAGATGAAATTACAGTTAGTAGTGATTTTGAAGC 

ACGTCATGTTAAATTAAATGTTGAAGAACGTAGTGTTGGTCCATTAACACGTAAAGG 

TTTTTATTTAGCATTTCAAGATATTGGTGCATGTGTTGCATTATTAAGTGTTCGTGTTT 

ATTATAAAAAATGTCCAGAATTATTACAAGGTTTAGCACATTTTCCAGAAACAATTG 

CAGGTAGTGATGCACCAAGTTTAGCAACAGTTGCAGGTACATGTGTTGATCATGCAG 

TTGTTCCACCAGGTGGTGAAGAACCACGTATGCATTGTGCAGTTGATGGTGAATGGT 

TAGTTCCAATTGGTCAATGTTTATGTCAAGCAGGTTATGAAAAAGTTGAAGATGCAT 

AATGTCCAGAACATACATTACCAAGTCCAGAAGGTGCAACAAGTTGTG^TGTCAA 

GAAGGTTTTTTTCGTGCACCACAAGATCCAGCAAGTATGCCATGTACACGTCCACCA 

AGTGCACCACATTATTTAACAGCAGTTGGTATGGGTGCAAAAGTTGAATTACGTTGG 

ACACCACCACAAGATAGTGGTGGTCGTGAAGATATTGTTTATAGTGTTACATGTGAA 

CAATGTTGGCCAGAAAGTGGTGAATGTGGTCCATGTGAAGCAAGTGTTCGTTATAGT 

GAACCACCACATGGTTTAACACGTACAAGTGTTACAGTTAGTGATTTAGAACCACAT 

ATGAATTATACATTTACAGTTGAAGCACGTAATGGTGTTAGTGGTTTAGTTACAAGT 

CGTAGTTTTCGTACAGCAAGTGTTAGTATTAATCAAACAGAACCACCAAAAGTTCGT 

TTAGAAGGTCGTAGTACAACAAGTTTAAGTGTTAGTTGGAGTATTCCACCACCACAA 

CAAAGTCGTGTTTGGAAATATGAAGTTACATATCGTAAAAAAGGTGATAGTAATAG 

TTATAATGTTCGTCGTACAGAAGGTTTTAGTGTTACATTAGATGATTTAGCACCAGA 

TACAACATATTTAGTTCAAGTTCAAGCATTAACACAAGAAGGTCAAGGTGCAGGTA 
GTCGTGTTCATGAATTTCAAACA 
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EphA2 EX2 domain 

Primary Amino Acid Sequence 

QGKEVVLLDFAAAGGELGWLTHPYGKGWDLMQ 

NIMNDMPIYMYSVCNVMSGDQDNWLRTNWVYR 

GEAERIFIELKFTVRDCNSFPGGASSCKETFNLY 

YAESDLDYGTNFQKRLFTKIDTIAPDEITVSSDFE 

ARHVKLNVEERSVGPLTRKGFYLAFQDIGACVA 

LLSVRVYYKKCPELLQGLAHFPETIAGSDAPSLA 

TVAGTCVDHAVVPPGGEEPRMHCAVDGEWLVPI 

GQCLCQAGYEKVEDACQACSPGFFKFEASESPCL 

ECPEHTLPSPEGATSCECEEGFFRAPQDPASMPC 

TRPPSAPHYLTAVGMGAKVELRWTPPQDSGGRE 

DIVYSVTCEQCWPESGECGPCEASVRYSEPPHGL 

TRTSVTVSDLEPHMNYTFTVEARNGVSGLVTSRS 

FRTASVSINQTEPPKVRLEGRSTTSLSVSWSIPPP 

QQSRVWKYEVTYRKKGDSNSYNVRRTEGFSVTL 

DDLAPDTTYLVQVQALTQEGQGAGSRVHEFQT 
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Construct: LLOss-PEST-EX2_hEphA2 

Native LLO signal peptide + PEST fused to external domain of human EphA2 
Not Codon optimized 

No epitope tags (e.g., myc or FLAG used in this construct) 
Fusion protein coding sequence shown 

ATGAAAAAAATAATGCTAGTTTTTATTACACTTATATTAGTTAGTCTACCAATTGCGC 

AACAAACTGAAGCAAAGGATGCATCTGCATTCAATAAAGAAAATTCAATTTCATCC 

ATGGCACCACCAGCATCTCCGCCTGCAAGTCCTAAGACGCCAATCGAAAAGAAACA 

CGCGGATCTCGAGCAGGGCAAGGAAGTGGTACTGCTGGACTTTGCTGCAGCTGGAG 

GGGAGCTCGGCTGGCTCACACACCCGTATGGCAAAGGGTGGGACCTGATGCAGAAC 

ATCATGAATGACATGCCGATCTACATGTACTCCGTGTGCAACGTGATGTCTGGCGAC 

CAGGACAACTGGCTCCGCACCAACTGGGTGTACCGAGGAGAGGCTGAGCGTATCTT 

CATTGAGCTCAAGTTTACTGTACGTGACTGCAACAGCTTCCCTGGTGGCGCCAGCTC 

CTGCAAGGAGACTTTCAACCTCTACTATGCCGAGTCGGACCTGGACTACGGCACCAA 

CTTCCAGAAGCGCCTGTTCACCAAGATTGACACCATTGCGCCCGATGAGATCACCGT 

CAGCAGCGACTTCGAGGCACGCCACGTGAAGCTGAACGTGGAGGAGCGCTCCGTGG 

GGCCGCTCACCCGCAAAGGCTTCTACCTGGCCTTCCAGGATATCGGTGCCTGTGTGG 

CGCTGCTCTCCGTCCGTGTCTACTACAAGAAGTGCCCCGAGCTGCTGCAGGGCCTGG 

CCCACTTCCCTGAGACCATCGCCGGCTCTGATGCACCTTCCCTGGCCACTGTGGCCG 

GCACCTGTGTGGACCATGCCGTGGTGCCACCGGGGGGTGAAGAGCCCCGTATGCAC 

TGTGCAGTGGATGGCGAGTGGCTGGTGCCCATTGGGCAGTGCCTGTGCCAGGCAGG 

CTACGAGAAGGTGGAGGATGCCTGCCAGGCCTGCTCGCCTGGATTTTTTAAGTTTGA 

GGCATCTGAGAGCCCCTGCTTGGAGTGCCCTGAGCACACGCTGCCATCCCCTGAGGG 

TGCCACCTCCTGCGAGTGTGAGGAAGGCTTCTTCCGGGCACCTCAGGACCCAGCGTC 

GATGCCTTGCACACGACCCCCCTCCGCCCCACACTACCTCACAGCCGTGGGCATGGG 

TGCCAAGGTGGAGCTGCGCTGGACGCCCCCTCAGGACAGCGGGGGCCGCGAGGACA 

TTGTCTACAGCGTCACCTGCGAACAGTGCTGGCCCGAGTCTGGGGAATGCGGGCCGT 

GTGAGGCCAGTGTGCGCTACTCGGAGCCTCCTCACGGACTGACCCGCACCAGTGTG 

ACAGTGAGCGACCTGGAGCCCCACATGAACTACACCTTCACCGTGGAGGCCCGCAA 

TGGCGTCTCAGGCCTGGTAACCAGCCGCAGCTTCCGTACTGCCAGTGTCAGCATCAA 

CCAGACAGAGCCCCCCAAGGTGAGGCTGGAGGGCCGCAGCACCACCTCGCTTAGCG 

TCTCCTGGAGCATCCCCCCGCCGCAGCAGAGCCGAGTGTGGAAGTACGAGGTCACT 

TACCGCAAGAAGGGAGACTCCAACAGCTACAATGTGCGCCGCACCGAGGGTTTCTC 

CGTGACCCTGGACGACCTGGCCCCAGACACCACCTACCTGGTCCAGGTGCAGGCAC 

TGACGCAGGAGGGCCAGGGGGCCGGCAGCAGGGTGCACGAATTCCAGACG 
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Construct: LLOss-PEST-EX2_hEphA2 

Native LLO signal peptide + PEST fused to external domain of human EphA2 
Not Codon optimized 

No epitope tags (e.g., myc or FLAG used in this construct) 
Predicted fusion protein shown 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADLEQGKEVVL 

LDFAAAGGELGWLTHPYGKGWDLMQNIMNDMPI 

YMYSVCNVMSGDQDNWLRTNWVYRGEAERIFIE 

LKFTVRDCNSFPGGASSCKETFNLYYAESDLDYG 

TNFQKRLFTKIDTIAPDEITVSSDFEARHVKLNVE 

ERSVGPLTRKGFYLAFQDIGACVALLSVRVYYKK 

CPELLQGLAHFPETIAGSDAPSLATVAGTCVDHA 

VVPPGGEEPRMHCAVDGEWLVPIGQCLCQAGYE 

KVEDACQACSPGFFKFEASESPCLECPEHTLPSP 

EGATSCECEEGFFRAPQDPASMPCTRPPSAPHYL 

TAVGMGAKVELRWTPPQDSGGREDIVYSVTCEQ 

CWPESGECGPCEASVRYSEPPHGLTRTSVTVSDL 

EPHMNYTFTVEARNGVSGLVTSRSFRTASVSINQ 

TEPPKVRLEGRSTTSLSVSWSIPPPQQSRVWKYE 

VTYRKKGDSNSYNVRRTEGFSVTLDDLAPDTTY 

LVQVQALTQEGQGAGSRVHEFQT 
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NativeLLOss-PEST-FLAG-EX2_EphA2-myc-CodonOp 

(Native L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG-EX-2 EphA2- 
Myc) 

Nucleotide Sequence (including hly promoter) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAAAAAAATAATGCTAGTTTTTATTACACTTATATTAGTTAGTCTA 

CCAATTGCGCAACAAACTGAAGCAAAGGATGCATCTGCATTCAATAAAGAAAATTC 

AATTTCATCCATGGCACCACCAGCATCTCCGCCTGCAAGTCCTAAGACGCCAATCGA 

AAAGAAACACGCGGATGGATCCGATTATAAAGATGATGATGATAAACAAGGTAAAG 

AAGTTGTTTTATTAGATTTTGCAGCAGCAGGTGGTGAATTAGGTTGGTTAACACATC 

CATATGGTAAAGGTTGGGATTTAATGCAAAATATTATGAATGATATGCCAATTTATA 

TGTATAGTGTTTGTAATGTTATGAGTGGTGATCAAGATAATTGGTTACGTACAAATT 

GGGTTTATCGTGGTGAAGCAGAACGTATTTTTATTGAATTAAAATTTACAGTTCGTG 

ATTGTAATAGTTTTCCAGGTGGTGCAAGTAGTTGTAAAGAAACATTTAATTTATATT 

ATGCAGAAAGTGATTTAGATTATGGTACAAATTTTCAAAAACGTTTATTTACAAAAA 

TTGATACAATTGCACCAGATGAAATTACAGTTAGTAGTGATTTTGAAGCACGTCATG 

TTAAATTAAATGTTGAAGAACGTAGTGTTGGTCCATTAACACGTAAAGGTTTTTATT 

TAGCATTTCAAGATATTGGTGCATGTGTTGCATTATTAAGTGTTCGTGTTTATTATAA 

AAAATGTCCAGAA1TATTACAAGGTTTAGCACATTTTCCAGAAACAATTGCAGGTAG 

TGATGCACCAAGTTTAGCAACAGTTGCAGGTACATGTGTTGATCATGCAGTTGTTCC 

ACCAGGTGGTGAAGAACCACGTATGCATTGTGCAGTTGATGGTGAATGGTTAGTTCC 

AATTGGTCAATGTTTATGTCAAGCAGGTTATGAAAAAGTTGAAGATGCATGTCAAGC 

ATGTAGTCCAGGTTTTTTTAAATTTGAAGCAAGTGAAAGTCCATGTTTAGAATGTCC 

AGAACATACATTACCAAGTCCAGAAGGTGCAACAAGTTGTGAATGTGAAGAAGGTT 

TTTTTCGTGCACCACAAGATCCAGCAAGTATGCCATGTACACGTCCACCAAGTGCAC 

CACATTATTTAACAGCAGTTGGTATGGGTGCAAAAGTTGAATTACGTTGGACACCAC 

CACAAGATAGTGGTGGTCGTGAAGATATTGTTTATAGTGTTACATGTGAACAATGTT 

GGCCAGAAAGTGGTGAATGTGGTCCATGTGAAGCAAGTGTTCGTTATAGTGAACCA 

CCACATGGTTTAACACGTACAAGTGTTACAGTTAGTGATTTAGAACCACATATGAAT 

TATACATTTACAGTTGAAGCACGTAATGGTGTTAGTGGTTTAGTTACAAGTCGTAGT 

TTTCGTACAGCAAGTGTTAGTATTAATCAAACAGAACCACCAAAAGTTCGTTTAGAA 

GGTCGTAGTACAACAAGTTTAAGTGTTAGTTGGAGTATTCCACCACCACAACAAAGT 

CGTGTTTGGAAATATGAAGTTACATATCGTAAAAAAGGTGATAGTAATAGTTATAAT 

GTTCGTCGTACAGAAGGTTTTAGTGTTACATTAGATGATTTAGCACCAGATACAACA 

TATTTAGTTCAAGTTCAAGCATTAACACAAGAAGGTCAAGGTGCAGGTAGTCGTGTT 

CATGAATTTCAAACAGAACAAAAATTAATTAGTGAAGAAGATTTATGAGAGCTC 
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NativeLLOss-PEST-FLAG-EX2_EphA2-myc-CodonOp 

(Native L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG-EX-2 EphA2- 
Myc) 

Primary Amino Acid Sequence 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADGSDYKDDDD 

KQGKEVVLLDFAAAGGELGWLTHPYGKGWDLM 

QNIMNDMPIYMYSVCNVMSGDQDNWLRTNWVY 

RGEAERIFIELKFTVRDCNSFPGGASSCKETFNL 

YYAESDLDYGTNFQKRLFTKIDTIAPDEITVSSD 

FEARHVKLNVEERSVGPLTRKGFYLAFQDIGACV 

ALLSVRVYYKKCPELLQGLAHFPETIAGSDAPSL 

ATVAGTCVDHAVVPPGGEEPRMHCAVDGEWLVP 

IGQCLCQAGYEKVEDACQACSPGFFKFEASESPC 

LECPEHTLPSPEGATSCECEEGFFRAPQDPASMP 

CTRPPSAPHYLTAVGMGAKVELRWTPPQDSGGR 

EDIVYSVTCEQCWPESGECGPCEASVRYSEPPHG 

LTRTSVTVSDLEPHMNYTFTVEARNGVSGLVTSR 

SFRTASVSINQTEPPKVRLEGRSTTSLSVSWSIPP 

PQQSRVWKYEVTYRKKGDSNSYNVRRTEGFSVT 

LDDLAPDTT YL VQVQALTQEGQGAGSRVHEFQT 

EQKLISEEDL 
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Codon Optimized LLOss-PEST-FLAG-EX2_EphA2-myc-CodohOp 

(Codon Optimized L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG-EX- 
2EphA2-Myc) 

Nucleotide Sequence (including My promoter) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAAAAAAATTATGTTAGTTTTTATTACATTAATTTTAGTTAGT^ 

CAATTGCACAACAAACAGAAGCAAAAGATGCAAGTGCATTTAATAAAGAAAATAGT 

ATTAGTAGTATGGCACCACCAGCAAGTCCACCAGCAAGTCCAAAAACACCAATTGA 

AAAAAAACATGCAGATGGATCCGATTATAAAGATGATGATGATAAACAAGGTAAAG 

AAGTTGTTTTATTAGATTTTGCAGCAGCAGGTGGTGAATTAGGTTGGTTAACACATC 

CATATGGTAAAGGTTGGGATTTAATGCAAAATATTATGAATGATATGCCAATTTATA 

TGTATAGTGTTTGTAATGTTATGAGTGGTGATCAAGATAATTGGTTACGTACAAATT 

GGGTTTATCGTGGTGAAGCAGAACGTATTTTTATTGAATTAAAATTTACAGTTCGTG 

ATTGTAATAGTTTTCCAGGTGGTGCAAGTAGTTGTAAAGAAACATTTAATTTATATT 

ATGCAGAAAGTGATTTAGATTATGGTACAAATTTTCAAAAACGTTTATTTACAAAAA 

TTGATACAATTGCACCAGATGAAATTACAGTTAGTAGTGATTTTGAAGCACGTCATG 

TTAAATTAAATGTTGAAGAACGTAGTGTTGGTCCATTAACACGTAAAGGTTTTTATT 

TAGCATTTCAAGATATTGGTGCATGTGTTGCATTATTAAGTGTTCGTGTTTATTATAA 

AAAATGTCCAGAATTATTACAAGGTTTAGCACATTTTCCAGAAACAATTGCAGGTAG 

TGATGCACCAAGTTTAGCAACAGTTGCAGGTACATGTGTTGATCATGCAGTTGTTCC 

ACCAGGTGGTGAAGAACCACGTATGCATTGTGCAGTTGATGGTGAATGGTTAGTTCC 

AATTGGTCAATGTTTATGTCAAGCAGGTTATGAAAAAGTTGAAGATGCATGTCAAGC 

ATGTAGTCCAGGTTTTTTTAAATTTGAAGCAAGTGAAAGTCCATGTTTAGAATGTCC 

AGAACATACATTACCAAGTCCAGAAGGTGCAACAAGTTGTGAATGTGAAGAAGGTT 

TTTTTCGTGCACCACAAGATCCAGCAAGTATGCCATGTACACGTCCACCAAGTGCAC 

CACATTATTTAACAGCAGTTGGTATGGGTGCAAAAGTTGAATTACGTTGGACACCAC 

CACAAGATAGTGGTGGTCGTGAAGATATTGTTTATAGTGTTACATGTGAACAATGTT 

GGCCAGAAAGTGGTGAATGTGGTCCATGTGAAGCAAGTGTTCGTTATAGTGAACCA 

CCACATGGTTTAACACGTACAAGTGTTACAGTTAGTGATTTAGAACCACATATGAAT 

TATACATTTACAGTTGAAGCACGTAATGGTGTTAGTGGTTTAGTTACAAGTCGTAGT 

TTTCGTACAGCAAGTGTTAGTATTAATCAAACAGAACCACCAAAAGTTCGTTTAGAA 

GGTCGTAGTACAACAAGTTTAAGTGTTAGTTGGAGTATTCCACCACCACAACAAAGT 

CGTGTTTGGAAATATGAAGTTACATATCGTAAAAAAGGTGATAGTAATAGTTATAAT 

GTTCGTCGTACAGAAGGTTTTAGTGTTACATTAGATGATTTAGCACCAGATACAACA 

TATTTAGTTCAAGTTCAAGCATTAACACAAGAAGGTCAAGGTGCAGGTAGTCGTGTT 

CATGAATTTCAAACAGAACAAAAATTAATTAGTGAAGAAGATTTATGAGAGCTC 
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Codon Optimized LLOss-PEST-FLAG-EX2_EphA2-myc-CodonOp 

(Codon Optimized L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG-EX- 
2EphA2-Myc) 

Primary Amino Acid Sequence 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADGSDYKDDDD 

KQGKEVVLLDFAAAGGELGWLTHPYGKGWDLM 

QNIMN. DMPIYMYSVCNVMSGDQDNWLRTNWVY 

RGEAERIFIELKFTVRDCNSFPGGASSCKETFNL 

YYAESDLDYGTNFQKRLFTKIDTIAPDEITVSSD 

FEARHVKLNVEERSVGPLTRKGFYLAFQDIGACV 

ALLSVRVYYKKCPELLQGLAHFPETIAGSDAPSL 

ATVAGTCVDHAVVPPGGEEPRMHCAVDGEWLVP 

IGQCLCQAGYEKVEDACQACSPGFFKFEASESPC 

LECPEHTLPSPEGATSCECEEGFFRAPQDPASMP 

CTRPPSAPHYLTAVGMGAKVELRWTPPQDSGGR 

EDIVYSVTCEQCWPESGECGPCEASVRYSEPPHG 

LTRTSVTVSDLEPHMNYTFTVEARNGVSGLVTSR 

SFRTASVSINQTEPPKVRLEGRSTTSLSVSWSIPP 

PQQSRVWKYEVTYRKKGDSNSYNVRRTEGFSVT 

LDDLAPDTTYLVQVQALTQEGQGAGSRVHEFQT 
E Q K L I S E E D L 
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PhoD-FLAG-EX2_EphA2-myc-CodonOp 

(Codon optimized B. subtilis phoD Tat signal peptide-FLAG-EX-2 EphA2-Myc) 
Nucleotide Sequence (including hly promoter) 

ggtacctcctttgattagtatattcctatcttaaagttacttttatgtggaggca™ 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGGCATACGACAGTCGTTTTGATGAATGGGTACAGAAACTGAAAGA 

GGAAAGCTTTCAAAACAATACGTTTGACCGCCGCAAATTTATTCAAGGAGCGGGGA 

AGATTGCAGGACTTTCTCTTGGATTAACGATTGCCCAGTCGGTTGGGGCCTTTGGAT 

CCGATTATAAAGATGATGATGATAAACAAGGTAAAGAAGTTGTTTTATTAGATTTTG 

CAGCAGCAGGTGGTGAATTAGGTTGGTTAACACATCCATATGGTAAAGGTTGGGATT 

TAATGCAAAATATTATGAATGATATGCCAATTTATATGTATAGTGTTTGTAATGTTAT 

GAGTGGTGATCAAGATAATTGGTTACGTACAAATTGGGTTTATCGTGGTGAAGCAGA 

ACGTATTTTTATTGAATTAAAATTTACAGTTCGTGATTGTAATAGTTTTCCAGGTGGT 

GCAAGTAGTTGTAAAGAAACATTTAATTTATATTATGCAGAAAGTGATTTAGATTAT 

GGTACAAATTTTCAAAAACGTTTATTTACAAAAATTGATACAATTGCACCAGATGA^ 

ATTACAGTTAGTAGTGATTTTGAAGCACGTCATGTTAAATTAAATGTTGAAGAACGT 

AGTGTTGGTCCATTAACACGTAAAGGTTTTTATTTAGCATTTCAAGATATTGGTGCAT 

GTGTTGCATTATTAAGTGTTCGTGTTTATTATAAAAAATGTCCAGAATTATTACAAG 

GTTTAGCACATTTTCCAGAAACAATTGCAGGTAGTGATGCACCAAGTTTAGCAACAG 

TTGCAGGTACATGTGTTGATCATGCAGTTGTTCCACCAGGTGGTGAAGAACCACGTA 

TGCATTGTGCAGTTGATGGTGAATGGTTAGTTCCAATTGGTCAATGTTTATGTCAAG 

CAGGTTATGAAAAAGTTGAAGATGCATGTCAAGCATGTAGTCCAGGTTTTTTTAAAT 

TTGAAGCAAGTGAAAGTCCATGTTTAGAATGTCCAGAACATACATTACCAAGTCCAG 

AAGGTGCAACAAGTTGTGAATGTGAAGAAGGTTTTTTTCGTGCACCACAAGATCCAG 

CAAGTATGCCATGTACACGTCCACCAAGTGCACCACATTATTTAACAGCAGTTGGTA 

TGGGTGCAAAAGTTGAATTACGTTGGACACCACCACAAGATAGTGGTGGTCGTGAA 

GATATTGTTTATAGTGTTACATGTGAACAATGTTGGCCAGAAAGTGGTGAATGTGGT 

CCATGTGAAGCAAGTGTTCGTTATAGTGAACCACCACATGGTTTAACACGTACAAGT 

GTTACAGTTAGTGATTTAGAACCACATATGAATTATACATTTACAGTTGAAGCACGT 

AATGGTGTTAGTGGTTTAGTTACAAGTCGTAGTTTTCGTACAGCAAGTGTTAGTATT 

AATCAAACAGAACCACCAAAAGTTCGTTTAGAAGGTCGTAGTACAACAAGTTTAAG 

TGTTAGTTGGAGTATTCCACCACCACAACAAAGTCGTGTTTGGAAATATGAAGTTAC 

ATATCGTAAAAAAGGTGATAGTAATAGTTATAATGTTCGTCGTACAGAAGGTTTTAG 

TGTTACATTAGATGATTTAGCACCAGATACAACATATTTAGTTCAAGTTCAAGCATT 

AACACAAGAAGGTCAAGGTGCAGGTAGTCGTGTTCATGAATTTCAAACAGAACAAA 

AATTAATTAGTGAAGAAGATTTATGAGAGCTC 
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PhoD-FLAG-EX2_EphA2-myc-CodonOp 

(Codon optimized B. subtilis phoD Tat signal peptide-FLAG-EX-2 EphA2-Myc) 
Amino acid sequence 1 

n £ t Y a D ^ S t R o F t D EWV QKLKEESFQNNTFDRRKFIQGA 

GKIAGLSLGLTIAQSVGAFGSDYKD DDDKQGKE 

ny^^v^tcA GGELGWLTHPYGKGW ' DLM QNIMN 

DMPIYMYSVCNVMSGDQDNWLRTNWVYRGEAE 

RIFIELKFTVRDCNSFPGGASSCKETFNLYYAES 

DLDYGTNFQKRLFTKIDTIAPDEITVSSDFEARH 

I5vvI E ,n R D S J GPLTRKGFYLAF Q DIGACV ALLSV 

RVYYKKCPELLQGLAHFPETIAGSD APSLATVAG 

TCVDHAVVPPGGEEPRMHCAVDGE WLVPIGOCL 

CQAGYEKVEDACQACSPGFFKFEASESPCLECPE 

HTLPSPEGATSCECEEGFFRAPQDPASMPCTRPP 

SAPHYLTAVGMGAKVELRWTPPQD SGGREDIVY 

SVTCEQCWPESGECGPCEASVRYSEPPHGLTRTS 

VTVSDLEPHMNYTFTVEARNGVSGLVTSRSFRTA 

SVSINQTEPPKVRLEGRSTTSLSVSWSIPPPQQSR 

VWKYEVTYRKKGDSNSYNVRRTEG FSVTL DDL A 

PDTTYLVQVQALTQEGQGAGSRVHEFQTEQKLIS 
E E D L 
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EphA2 CO domain 
Native nucleotide sequence 

CACCGCAGGAGGAAGAACCAGCGTGCCCGCCAGTCCCCGGAGGACGTTTACTTCTC 

CAAGTCAGAACAACTGAAGCCCCTGAAGACATACGTGGACCCCCACACATATGAGG 

ACCCCAACCAGGCTGTGTTGAAGTTCACTACCGAGATCCATCCATCCTGTGTCACTC 

GGCAGAAGGTGATCGGAGCAGGAGAGTTTGGGGAGGTGTACAAGGGCATGCTGAA 

GACATCCTCGGGGAAGAAGGAGGTGCCGGTGGCCATCAAGACGCTGAAAGCCGGCT 

ACACAGAGAAGCAGCGAGTGGACTTCCTCGGCGAGGCCGGCATCATGGGCCAGTTC 

AGCCACCACAACATCATCCGCCTAGAGGGCGTCATCTCCAAATACAAGCCCATGAT 

GATCATCACTGAGTACATGGAGAATGGGGCCCTGGACAAGTTCCTTCGGGAGAAGG 

ATGGCGAGTTCAGCGTGCTGCAGCTGGTGGGCATGCTGCGGGGCATCGCAGCTGGC 

ATGAAGTACCTGGCCAACATGAACTATGTGCACCGTGACCTGGCTGCCCGCAACATC 

CTCGTCAACAGCAACCTGGTCTGCAAGGTGTCTGACTTTGGCCTGTCCCGCGTGCTG 

GAGGACGACCCCGAGGCCACCTACACCACCAGTGGCGGCAAGATCCCCATCCGCTG 

GACCGCCCCGGAGGCCATTTCCTACCGGAAGTTCACCTCTGCCAGCGACGTGTGGAG 

CTTTGGCATTGTCATGTGGGAGGTGATGACCTATGGCGAGCGGCCCTACTGGGAGTT 

GTCCAACCACGAGGTGATGAAAGCCATCAATGATGGCTTCCGGCTCCCCACACCCAT 

GGACTGCCCCTCCGCCATCTACCAGCTCATGATGCAGTGCTGGCAGCAGGAGCGTGC 

CCGCCGCCCCAAGTTCGCTGACATCGTCAGCATCCTGGACAAGCTCATTCGTGCCCC 

TGACTCCCTCAAGACCCTGGCTGACTTTGACCCCCGCGTGTCTATCCGGCTCCCCAG 

CACGAGCGGCTCGGAGGGGGTGCCCTTCCGCACGGTGTCCGAGTGGCTGGAGTCCA 

TCAAGATGCAGCAGTATACGGAGCACTTCATGGCGGCCGGCTACACTGCCATCGAG 

AAGGTGGTGCAGATGACCAACGACGACATCAAGAGGATTGGGGTGCGGCTGCCCGG 

CCACCAGAAGCGCATCGCCTACAGCCTGCTGGGACTCAAGGACCAGGTGAACACTG 

TGGGGATCCCCATC 
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EphA2 CO domain 

Nucleotide sequence for optimal codon usage in Listeria 

CACAGACGTAGAAAAAATCAACGTGCTCGACAATCCCCAGAAGATGTGTATTTTTCG 

AAAAGTGAACAATTAAAACCATTAAAAACTTATGTTGATCCGCATACGTACGAAGA 

CCCAAATCAAGCAGTATTAAAATTTACAACAGAAATACACCCAAGTTGTGTTACAA 

GACAAAAAGTTATTGGAGCAGGTGAATTCGGAGAGGTATATAAAGGTATGTTAAAA 

ACATCATCAGGTAAAAAAGAAGTTCCGGTTGCAATTAAAACCTTAAAGGCAGGATA 

TACAGAAAAACAGCGAGTTGATTTTTTAGGTGAAGCAGGAATTATGGGTCAvATTTAG 

CCATCATAATATTATTCGTTTGGAAGGAGTAATAAGTAAATATAAACCAATGATGAT 

TATTACAGAATACATGGAAAACGGTGCTTTAGATAAATTTTTACGTGAAAAGGATGG 

TGAATTTAGTGTTTTACAATTGGTTGGTATGTTAAGAGGAATTGCTGCAGGTATGAA 

ATATTTAGCTAATATGAATTATGTTCACCGTGATTTGGCAGCAAGAAATATCCTAGT 

CAATTCCAATTTAGTATGTAAAGTTAGTGATTTTGGTTTAAGCAGAGTATTA.GAAGA 

CGATCCAGAGGCAACCTATACAACATCGGGAGGTAAAATTCCTATTCGTTGGACAG 

CACCAGAAGCTATCAGTTACCGTAAATTTACAAGTGCATCAGACGTGTGGAGTTTTG 

GGATTGTAATGTGGGAAGTTATGACATATGGAGAAAGACCATATTGGGAATTAAGT 

AATCATGAAGTTATGAAAGCAATTAACGATGGATTTAGATTACCAACTCCGATGGAT 

TGTCCATCTGCCATTTATCAACTAATGATGCAATGTTGGCAACAAGAAAGAGCACGA 

CGTCCAAAATTTGCAGATATTGTTAGTATTTTAGACAAATTAATTCGTGCACCAGAT 

AGTTTAAAAACTTTAGCAGACTTTGATCCTCGTGTTAGTATTCGATTACCAAGTACGT 

CAGGTTCCGAAGGAGTTCCATTTCGCACAGTCTCCGAATGGTTGGAATCAATTAAAA 

TGCAACAATACACCGAACACTTTATGGCAGCAGGTTACACAGCAATCGAAAvAAGTT 

GTTCAAATGACAAATGATGATATTAAACGTATTGGAGTTAGATTACCAGGCCACCAG 

AAACGTATTGCATATTCTTTATTAGGTTTAAAAGATCAAGTTAATACCGTGGGAATT 
CCAATT 
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EphA2 CO domain 

Primary Amino Acid Sequence 

VHEFQTLSPEGSGNLAVIGGVAVGVVLLLVLAGV 

GFFIHRRRKNQRARQSPEDVYFSKSEQLKPLKTY 

VDPHTYEDPNQAVLKFTTEIHPSCVTRQKVIGAG 

EFGEVYKGMLKTSSGKKEVPVAIKTLKAGYTEK 

QRVDFLGEAGIMGQFSHHNIIRLEGVISKYKPMM 

IITEYMENGALDKFLREKDGEFSVLQLVGMLRGI 

AAGMKYLANMNYVHRDLAARNILVNSNLVCKVS 

DFGLSRVLEDDPEATYTTSGGKIPIRWTAPEAIS 

YRKFTSASDVWSFGIVMWEVMTYGERPYWELSN 

HEVMKAINDGFRL P T PMDCPSAIYQLMMQCWQQ 

ERARRPKFADIVSILDKLIRAPDSLKTLADFDPR 

VSIRLPSTSGSEGVPFRTVSEWLESIKMQQYTEH 

FMAAGYTAIEKVVQMTNDDIKRIGVRLPGHQKRI 

AYSLLGLKDQVNTVGIPI 



FIGURE 17 



WO 2005/071088 PCT/US2004/044080 



18/71 



Construct: LLOss-PEST-CO-huEphA2 

Native LLO signal peptide + PEST fused to cytoplasmic domain of human EphA2 
Not Codon optimized 

No epitope tags (e.g., myc or FLAG used in this construct) 
Fusion protein coding sequence shown 

atgaaaaaaataatgctagtttttattacacttatattagttagtctaccaa™ 

aacaaactgaagcaaaggatgcatctgcattcaataaagaaaattcaatttcatcc 

atggcaccaccagcatctccgcctgcaagtcctaagacgccaatcgaaaagaaaca 

CGCGGATCTCGAGCACCGCAGGAGGAAGAACCAGCGTGCCCGCCAGTCCCCGGAGG 

ACGTTTACTTCTCCAAGTCAGAACAACTGAAGCCCCTGAAGACATACGTGGACCCCC 

ACACATATGAGGACCCCAACCAGGCTGTGTTGAAGTTCACTACCGAGATCCATCCAT 

CCTGTGTCACTCGGCAGAAGGTGATCGGAGCAGGAGAGTTTGGGGAGGTGTACAAG 

GGCATGCTGAAGACATCCTCGGGGAAGAAGGAGGTGCCGGTGGCCATCAAGACGCT 

GAAAGCCGGCTACACAGAGAAGCAGCGAGTGGACTTCCTCGGCGAGGCCGGCATCA 

TGGGCCAGTTCAGCCACCACAACATCATCCGCCTAGAGGGCGTCATCTCCAAATACA 

AGCCCATGATGATCATCACTGAGTACATGGAGAATGGGGCCCTGGACAAGTTCCTTC 

GGGAGAAGGATGGCGAGTTCAGCGTGCTGCAGCTGGTGGGCATGCTGCGGGGCATC 

GCAGCTGGCATGAAGTACCTGGCCAACATGAACTATGTGCACCGTGACCTGGCTGC 

CCGCAACATCCTCGTCAACAGCAACCTGGTCTGCAAGGTGTCTGACTTTGGCCTGTC 

CCGCGTGCTGGAGGACGACCCCGAGGCCACCTACACCACCAGTGGCGGCAAGATCC 

CCATCCGCTGGACCGCCCCGGAGGCCATTTCCTACCGGAAGTTCACCTCTGCCAGCG 

ACGTGTGGAGCTTTGGCATTGTCATGTGGGAGGTGATGACCTATGGCGAGCGGCCCT 

ACTGGGAGTTGTCCAACCACGAGGTGATGAAAGCCATCAATGATGGCTTCCGGCTCC 

CCACACCCATGGACTGCCCCTCCGCCATCTACCAGCTCATGATGCAGTGCTGGCAGC 

AGGAGCGTGCCCGCCGCCCCAAGTTCGCTGACATCGTCAGCATCCTGGACAAGCTC 

ATTCGTGCCCCTGACTCCCTCAAGACCCTGGCTGACTTTGACCCCCGCGTGTCTATCC 

GGCTCCCCAGCACGAGCGGCTCGGAGGGGGTGCCCTTCCGCACGGTGTCCGAGTGG 

CTGGAGTCCATCAAGATGCAGCAGTATACGGAGCACTTCATGGCGGCCGGCTACAC 

TGCCATCGAGAAGGTGGTGCAGATGACCAACGACGACATCAAGAGGATTGGGGTGC 

GGCTGCCCGGCCACCAGAAGCGCATCGCCTACAGCCTGCTGGGACTCAAGGACCAG 

GTGAACACTGTGGGGATCCCCATC 
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Construct: LLOss-PEST-CO-huEphA2 

Native LLO signal peptide + PEST fused to cytoplasmic domain of human EphA2 
Not Codon optimized 

No epitope tags (e.g., myc or FLAG used in this construct) 
Predicted fusion protein shown 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADLEHRRRKNQ 

RARQSPEDVYFSKSEQLKPLKTYVDPHTYEDPNQ 

AVLKFTTEIHPSCVTRQKVIGAGEFGEVYKGMLK 

TSSGKKEVPVAIKTLKAGYTEKQRVDFLGEAGIM 

GQFSHHNIIRLEGVISKYKPMMIITEYMENGALD 

KFLREKDGEFSVLQLVGMLRGIAAGMKYLANMN 

YVHRDLAARNILVNSNLVCKVSDFGLSRVLEDDP 

EATYTTSGGKIPIRWTAPEAISYRKFTSASDVWS 

FGIVMWEVMTYGERPYWELSNHEVMKAINDGFR 

LPTPMDCPSAIYQLMMQCWQQERARRPKFADIV 

SILDKLIRAPDSLKTLADFDPRVSIRLPSTSGSEG 

VPFRTVSEWLESIKMQQYTEHFMAAGYTAIEKV 

VQMTNDDIKRIGVRLPGHQKRIAYSLLGLKDQVN 
T V G I P I 
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NativeLLOss-PEST-FLAG-CO_EphA2-myc-CodonOp 

(Native L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG-CO_EphA2- 
Myc) 

Nucleotide Sequence (including hly promoter) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAAAAAAATAATGCTAGTTTTTATTACACTTATATTAGTTAGTCTA 

CCAATTGCGCAACAAACTGAAGCAAAGGATGCATCTGCATTCAATAAAGAAAATTC 

AATTTCATCCATGGCACCACCAGCATCTCCGCCTGCAAGTCCTAAGACGCCAATCGA 

AAAGAAACACGCGGATGGATCCGATTATAAAGATGATGATGATAAACACAGACGTA 

GAAAAAATCAACGTGCTCGACAATCCCCAGAAGATGTGTATTTTTCGAAAAGTGAA 

CAATTAAAACCATTAAAAACTTATGTTGATCCGCATACGTACGAAGACCCAAATCAA 

GCAGTATTAAAATTTACAACAGAAATACACCCAAGTTGTGTTACAAGACAAAAAGT 

TATTGGAGCAGGTGAATTCGGAGAGGTATATAAAGGTATGTTAAAAACATCATCAG 

GTAAAAAAGAAGTTCCGGTTGCAATTAAAACCTTAAAGGCAGGATATACAGAAAAA 

CAGCGAGTTGATTTTTTAGGTGAAGCAGGAATTATGGGTCAATTTAGCCATCATAAT 

ATTATTCGTTTGGAAGGAGTAATAAGTAAATATAAACCAATGATGATTATTACAGAA 

TACATGGAAAACGGTGCTTTAGATAAATTTTTACGTGAAAAGGATGGTGAATTTAGT 

GTTTTACAATTGGTTGGTATGTTAAGAGGAATTGCTGCAGGTATGAAATATTTAGCT 

AATATGAATTATGTTCACCGTGATTTGGCAGCAAGAAATATCCTAGTCAATTCCAAT 

TTAGTATGTAAAGTTAGTGATTTTGGTTTAAGCAGAGTATTAGAAGACGATCCAGAG 

GCAACCTATACAACATCGGGAGGTAAAATTCCTATTCGTTGGACAGCACCAGAAGC 

TATCAGTTACCGTAAATTTACAAGTGCATCAGACGTGTGGAGTTTTGGGATTGTAAT 

GTGGGAAGTTATGACATATGGAGAAAGACCATATTGGGAATTAAGTAATCATGAAG 

TTATGAAAGCAATTAACGATGGATTTAGATTACCAACTCCGATGGATTGTCCATCTG 

CCATTTATCAACTAATGATGCAATGTTGGCAACAAGAAAGAGCACGACGTCCAAAA 

TTTGCAGATATTGTTAGTATTTTAGACAAATTAATTCGTGCACCAGATAGTTTAAAA 

ACTTTAGCAGACTTTGATCCTCGTGTTAGTATTCGATTACCAAGTACGTCAGGTTCCG 

AAGGAGTTCCATTTCGCACAGTCTCCGAATGGTTGGAATCAATTAAAATGCAACAAT 

ACACCGAACACTTTATGGCAGCAGGTTACACAGCAATCGAAAAAGTTGTTCAAATG 

ACAAATGATGATATTAAACGTATTGGAGTTAGATTACCAGGCCACCAGAAACGTATT 

GCATATTCTTTATTAGGTTTAAAAGATCAAGTTAATACCGTGGGAATTCCAATTGAA 

CAAAAATTAATTTCCGAAGAAGACTTATAAGAGCTC 
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NativeLLOss-PEST-FLAG-CO_EphA2-myc-CodonOp 

(Native L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG-CO_EphA2- 
Myc) 

Primary Amino Acid Sequence 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADGSDYKDDDD 

KHRRRKNQRARQSPEDVYFSKSEQLKPLKTYVD 

PHTYEDPNQAVLKFTTEIHPSCVTRQKVIGAGEF 

GEVYKGMLKTSSGKKEVPVAIKTLKAGYTEKQR 

VDFLGEAGIMGQFSHHNIIRLEGVISKYKPMMIIT 

EYMENGALDKFLREKDGEFSVLQLVGMLRGIAA 

GMKYLANMNYVHRDLAARNILVNSNLVCKVSDF 

GLSRVLEDDPEATYTTSGGKIPIRWTAPEAISYR 

KFTSASDVWSFGIVMWEVMTYGERPYWELSNHE 

VMKAINDGFRLPTPMDCPSAIYQLMMQCWQQER 

ARRPKFADIVSILDKLIRAPDSLKTLADFDPRVSI 

RLPSTSGSEGVPFRTVSEWLESIKMQQYTEHFMA 

AGYTAIEKVVQMTNDDIKRIGVRLPGHQKRIAYS 

LLGLKDQVNTVGIPIEQKLISEEDL 
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Codon Optimized LLOss-PEST-FLAG-CO_EphA2-myc-CodonOp 

(Codon Optimized L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG- 

CO_EphA2-Myc) • * 

Nucleotide Sequence (including My promoter) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAAAAAAATTATGTTAGTTTTTATTACATTAATTTTAGTTAGTTTAC 

CAATTGCACAACAAACAGAAGCAAAAGATGCAAGTGCATTTAATAAAGAAAATAGT 

ATTAGTAGTATGGCACCACCAGCAAGTCCACCAGCAAGTCCAAAAACACCAATTGA 

AAAAAAACATGCAGATGGATCCGATTATAAAGACGATGATGATAAACACAGACGTA 

GAAAAAATCAACGTGCTCGACAATCCCCAGAAGATGTGTATTTTTCGAAAAGTGAA 

CAATTAAAACCATTAAAAACTTATGTTGATCCGCATACGTACGAAGACCCAAATCAA 

GCAGTATTAAAATTTACAACAGAAATACACCCAAGTTGTGTTACAAGACAAAAAGT 

TATTGGAGCAGGTGAATTCGGAGAGGTATATAAAGGTATGTTAAAAACATCATCAG 

GTAAAAAAGAAGTTCCGGTTGCAATTAAAACCTTAAAGGCAGGATATACAGAAAAA 

CAGCGAGTTGATTTTTTAGGTGAAGCAGGAATTATGGGTCAATTTAGCCATCATAAT 

ATTATTCGTTTGGAAGGAGTAATAAGTAAATATAAACCAATGATGATTATTACAGAA 

TACATGGAAAACGGTGCTTTAGATAAATTTTTACGTGAAAAGGATGGTGAATTTAGT 

GTTTTACAATTGGTTGGTATGTTAAGAGGAATTGCTGCAGGTATGAAATATTTAGCT 

AATATGAATTATGTTCACCGTGATTTGGCAGCAAGAAATATCCTAGTCAATTCCAAT 

TTAGTATGTAAAGTTAGTGATTTTGGTTTAAGCAGAGTATTAGAAGACGATCCAGAG 

GCAACCTATACAACATCGGGAGGTAAAATTCCTATTCGTTGGACAGCACCAGAAGC 

TATCAGTTACCGTAAATTTACAAGTGCATCAGACGTGTGGAGTTTTGGGATTGTAAT 

GTGGGAAGTTATGACATATGGAGAAAGACCATATTGGGAATTAAGTAATCATGAAG 

TTATGAAAGCAATTAACGATGGATTTAGATTACCAACTCCGATGGATTGTCCATCTG 

CCATTTATCAACTAATGATGCAATGTTGGCAACAAGAAAGAGCACGACGTCCAAAA 

TTTGCAGATATTGTTAGTATTTTAGACAAATTAATTCGTGCACCAGATAGTTTAAAA 

ACTTTAGCAGACTTTGATCCTCGTGTTAGTATTCGATTACCAAGTACGTCAGGTTCCG 

AAGGAGTTCCATTTCGCACAGTCTCCGAATGGTTGGAATCAATTAAAATGCAACAAT 

ACACCGAACACTTTATGGCAGCAGGTTACACAGCAATCGAAAAAGTTGTTCAAATG 

ACAAATGATGATATTAAACGTATTGGAGTTAGATTACCAGGCCACCAGAAACGTATT 

G C AT ATTC TTT ATT AGGTTT AAAAG ATC A AGTT AATAC CGTGG G AATTC C AATTG A A 

CAAAAATTAATTTCCGAAGAAGACTTATAAGAGCTC 
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Codon Optimized LLOss-PEST-FLAG-CO_EphA2-myc-CodonOp 

(Codon Optimized L. monocytogenes LLO signal peptide + PEST-Codon optimized -FLAG- 

CO_EphA2-Niyc) 

Primary Amino Acid Sequence 

MKKIMLVFITLILVSLPIAQQTEAKDASAFNKEN 

SISSMAPPASPPASPKTPIEKKHADGSDYKDDDD 

KHRRRKNQRARQSPEDVYFSKSEQLKPLKTYVD 

PHTYEDPNQAVLKFTTEIHPSCVTRQKVIGAGEF 

GEVYKGMLKTSSGKKEVPVAIKTLKAGYTEKQR 

VDFLGEAGIMGQFSHHNIIRLEGVISKYKPMMIIT 

EYMENGALDKFLREKDGEFSVLQLVGMLRGIAA 

GMKYLANMNYVHRDLAARNILVNSNLVCKVSDF 

GLSRVLEDDPEATYTTSGGKIPIRWTAPEAISYR 

KFTSASDVWSFGIVMWEVMTYGERPYWELSNHE 

VMKAINDGFRLPTPMDCPSAIYQLMMQCWQQER 

ARRPKFADIVSILDKLIRAPDSLKTLADFDPRVSI 

RLPSTSGSEGVPFRTVSEWLESIKMQQYTEHFMA 

AGYTAIEKVVQMTNDDIKRIGVRLPGHQKRIAYS 

LLGLKDQVNTVGIPIEQKLISEEDL 
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PhoD-FLAG-CO_EphA2-myc-CodonOp 

(Codon optimized B. subtilis phoD Tat signal peptide-FLAG-COJEphA2-Myc) 
Nucleotide Sequence (including My promoter) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGGCATACGACAGTCGTTTTGATGAATGGGTACAGAAACTGAAAGA 

GGAAAGCTTTCAAAACAATACGTTTGACCGCCGCAAATTTATTCAAGGAGCGGGGA 

AGATTGCAGGACTTTCTCTTGGATTAACGATTGCCCAGTCGGTTGGGGCCTTTGGAT 

CCGATTATAAAGATGATGATGATAAACACAGACGTAGAAAAAATCAACGTGCTCGA 

CAATCCCCAGAAGATGTGTATTTTTCGAAAAGTGAACAATTAAAACCATTAAAAACT 

TATGTTGATCCGCATACGTACGAAGACCCAAATCAAGCAGTATTAAAATTTACAACA 

GAAATACACCCAAGTTGTGTTACAAGACAAAAAGTTATTGGAGCAGGTGAATTCGG 

AGAGGTATATAAAGGTATGTTAAAAACATCATCAGGTAAAAAAGAAGTTCCGGTTG 

CAATTAAAACCTTAAAGGCAGGATATACAGAAAAACAGCGAGTTGATTTTTTAGGT 

GAAGCAGGAATTATGGGTCAATTTAGCCATCATAATATTATTCGTTTGGAAGGAGTA 

ATAAGTAAATATAAACCAATGATGATTATTACAGAATACATGGAAAACGGTGCTTT 

AGATAAATTTTTACGTGAAAAGGATGGTGAATTTAGTGTTTTACAATTGGTTGGTAT 

GTTAAGAGGAATTGCTGCAGGTATGAAATATTTAGCTAATATGAATTATGTTCACCG 

TGATTTGGCAGCAAGAAATATCCTAGTCAATTCCAATTTAGTATGTAAAGTTAGTGA 

TTTTGGTTTAAGCAGAGTATTAGAAGACGATCCAGAGGCAACCTATACAACATCGG 

GAGGTAAAATTCCTATTCGTTGGACAGCACCAGAAGCTATCAGTTACCGTAAATTTA 

CAAGTGCATCAGACGTGTGGAGTTTTGGGATTGTAATGTGGGAAGTTATGACATATG 

GAGAAAGACCATATTGGGAATTAAGTAATCATGAAGTTATGAAAGCAATTAACGAT 

GGATTTAGATTACCAACTCCGATGGATTGTCCATCTGCCATTTATCAACTAATGATG 

CAATGTTGGCAACAAGAAAGAGCACGACGTCCAAAATTTGCAGATATTGTTAGTATT 

TTAGACAAATTAATTCGTGCACCAGATAGTTTAAAAACTTTAGCAGACTTTGATCCT 

CGTGTTAGTATTCGATTACCAAGTACGTCAGGTTCCGAAGGAGTTCCATTTCGCACA 

GTCTCCGAATGGTTGGAATCAATTAAAATGCAACAATACACCGAACACTTTATGGCA 

GCAGGTTACACAGCAATCGAAAAAGTTGTTCAAATGACAAATGATGATATTAAACG 

TATTGGAGTTAGATTACCAGGCCACCAGAAACGTATTGCATATTCTTTATTAGGTTT 

AAAAGATCAAGTTAATACCGTGGGAATTCCAATTGAACAAAAATTAATTTCCGAAG 

AAGACTTATAAGAGCTC 
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PhoD-FLAG-CO_EphA2-myc-CodonOp 

(Codon optimized B. subtilis phoD Tat signal peptide-FLAG-CO_EphA2-Myc) 
Amino acid sequence 

MAYDSRFDEWVQKLKEESFQNNTFDRRKFIQGA 

GKIAGLSLGLTIAQSVGAFGSDYKDDDDKHRRR 

KNQRARQSPEDVYFSKSEQLKPLKTYVDPHTYE 

DPNQAVLKFTTEIHPSCVTRQKVIGAGEFGEVYK 

GMLKTSSGKKEVPVAIKTLKAGYTEKQRVDFLG 

EAGIMGQFSHHNIIRLEGVISKYKPMMIITEYME 

NGALDKFLREKDGEFSVLQLVGMLRGIAAGMKY 

LANMNYVHRDLAARNILVNSNLVCKVSDFGLSR 

VLEDDPEATYTTSGGKIPIRWTAPEAISYRKFTS 

ASDVWSFGIVMWEVMTYGERPYWELSNHEVMK 

AINDGFRLPTPMDCPSAIYQLMMQCWQQERARR 

PKFADIVSILDKLIRAPDSLKTLADFDPRVSIRLP 

STSGSEGVPFRTVSEWLESIKMQQYTEHFMAAGY 

TAIEKVVQMTNDDIKRIGVRLPGHQKRIAYSLLG 

LKDQVNTVGIPIEQKLISEEDL 
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Codon Optimized LLOss-PEST-NYESOl-CodonOp 

(Codon Optimized L. monocytogenes LLO signal peptide + PEST-Codon optimized -NYESOl) 
Nucleotide Sequence (including My promoter) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAAAAAAATTATGTTAGTTTTTATTACATTAATTTTAGTTAGTTTAC 

CAATTGCACAACAAACAGAAGCAAAAGATGCAAGTGCATTTAATAAAGAAAATAGT 

ATTAGTAGTATGGCACCACCAGCAAGTCCACCAGCAAGTCCAAAAACACCAATTGA 

AAAAAAACATGCAGATGGATCCCAAGCAGAAGGTCGCGGAACAGGAGGAAGTACA 

GGAGATGCAGACGGACCAGGAGGACCAGGAATACCAGACGGACCAGGAGGAAATG 

CAGGAGGCCCAGGCGAAGCAGGCGCAACAGGAGGAAGAGGACCAAGAGGAGCAG 

GAGCAGCACGAGCATCAGGACCAGGAGGCGGAGCACCAAGAGGACCACATGGCGG 

AGCGGCAAGCGGATTAAATGGATGTTGTAGATGTGGAGCACGCGGACCAGAATCAA 

GACTTTTAGAATTTTATTTAGCCATGCCATTTGCAACCCCAATGGAAGCAGAATTAG 

CACGAAGATCATTAGCACAAGATGCCCCACCATTACCAGTACCAGGAGTTTTATTAA 

AAGAGTTTACAGTATCAGGCAATATTTTAACAATACGTTTAACAGCAGCAGACCATC 

GTCAATTACAACTATCTATCAGTTCATGTTTACAACAATTATCCTTATTAATGTGGAT 

TACACAATGTTTTTTACCAGTTTTTTTAGCACAACCACCATCAGGACAAAGAAGATA 
AGAGCTC 
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Codon Optimized LLOss-PEST-NYESOl -CodonOp 

(Codon Optimized L. monocytogenes LLO signal peptide + PEST-Codon optimized -NYESOl) 
Primary amino acid sequence * v 

MKKIMLVFITLILVSLPIAQQTEAKD AS A F N K E N 

SISSMAPPASPPASPKTPIEKKHADGSQAEGRGT 

GGSTGDADGPGGPGIPDGPGGNAGGPGEAGATG 

GRGPRGAGAARASGPGGGAPRGPHGGAASGLNG 

CCRCGARGPESRLLEFYLAMPFATPMEAELARRS 

LAQDAPPLPVPGVLLKEFTVSGNILTIRLTAADH 

RQLQLSISSCLQQLSLLMWITQCFLPVFLAQPPS 
G Q R R 
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PWy(10403S)-Usp45-CodOp 
(330 nts.) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAAAAAAAAAATTATTAGTGCAATTTTAATGAGTACAGTTATTTTA 

AGTGCAGCAGCACCATTAAGTGGTGTTTATGCAGATACAGGATCC 
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PWX10403S)-p60SP-Native 
(330 nts.) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAATATGAAAAAAGCAACTATCGCGGCTACAGCTGGGATTGCGGT 

AACAGCATTTGCTGCGCCAACAATCGGATCCGCAAGCACTGGATCC 
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P///y(10403S)-p60SP-CodOp 
330 nts. 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAATATGAAAAAAGCAACAATTGCAGCAACAGCAGGTATTGCAGT 

TACAGCATTTGCAGCACCAACAATTGCAAGTGCAAGTACAGGATCC 
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/i/j;P-p60 (KpnI-BamHI) 

GGTACCTCCTTTGATTAGTATATTCCTATCTTAAAGTTACTTTTATGTGGAGGCATTA 

ACATTTGTTAATGACGTCAAAAGGATAGCAAGACTAGAATAAAGCTATAAAGCAAG 

CATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCCAATATTATAATTATCAAA 

AGAGAGGGGTGGCAAACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGA 

GTGAAACCCATGAATATGAAAAAAGCAACTATCGCGGCTACAGCTGGGATTGCGGT 

AACAGCATTTGCTGCGCCAACAATCGCATCCGCAAGCACTGTAGTAGTCGAAGCTG 

GTGATACTCTTTGGGGTATCGCACAAAGTAAAGGGACTACTGTTGACGCAATTAAAA 

AAGCAAACAATTTAACAACAGATAAAATCGTACCAGGTCAAAAATTACAAGTAAAT 

AATGAGGTTGCTGCTGCTGAAAAAACAGAGAAATCTGTTAGCGCAACTTGGTTAAA 

CGTCCGTAGTGGCGCTGGTGTTGATAACAGTATTATTACGTCCATCAAAGGTGGAAC 

AAAAGTAACTGTTGAAACAACCGAATCTAACGGCTGGCACAAAATTACTTACAACG 

ATGGAAAAACTGGTTTCGTTAACGGTAAATACTTAACTGACAAAGCAGTAAGCACT 

CCAGTTGCACCAACACAAGAAGTGAAAAAAGAAACTACTACTCAACAAGCTGCACC 

TGCTGCAGAAACAAAAACTGAAGTAAAACAAACTACACAAGCAACTACACCTGCGC 

CTAAAGTAGCAGAAACGAAAGAAACTCCAGTAGTAGATCAAAATGCTACTACACAC 

GCTGTTAAAAGCGGTGACACTATTTGGGCTTTATCCGTAAAATACGGTGTTTCTGTTC 

AAGACATTATGTCATGGAATAATTTATCTTCTTCTTCTATTTATGTAGGTCAAAAGCT 

TGCTATTAAACAAACTGCTAACACAGCTACTCCAAAAGCAGAAGTGAAAACGGAAG 

CTCCAGCAGCTGAAAAACAAGCAGCTCCAGTAGTTAAAGAAAATACTAACACAAAT 

ACTGCTACTACAGAGAAAAAAGAAACAGCAACGCAACAACAAACAGCACCTAAAG 

CACCAACAGAAGCTGCAAAACCAGCTCCTGCACCATCTACAAACACAAATGCTAAT 

AAAACAAATACAAATACAAATACAAATACAAATACAAACAATACTAATACAAATAC 

ACCATCTAAAAATACTAATACAAACTCAAATACTAATACGAATACAAACTCAAATA 

CGAATGCTAATCAAGGTTCTTCCAACAATAACAGCAATTCAAGTGCAAGTGCTATTA 

TTGCTGAAGCTCAAAAACACCTTGGAAAAGCTTATTCATGGGGTGGTAACGGACCA 

ACTACATTTGATTGCTCTGGTTACACTAAATATGTATTTGCTAAAGCGGGAATCTCCC 

TTCCACGTACTTCTGGCGCACAATACGCTAGCACTACAAGAATCTCTGAATCTCAAG 

CAAAACCTGGTGATTTAGTATTCTTTGACTATGGTAGCGGAATTTCTCACGTTGGTAT 

CTACGTTGGTAATGGTCAAATGATTAACGCGCAAGACAATGGCGTTAAATACGATA 

ACATCCACGGCTCTGGCTGGGGTAAATATCTAGTTGGCTTCGGTCGCGTATAATTAA 

GGATCC 
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FIGURE 32A 



Construct: pAM401-MCS 

Plasmid pAM401 containing multiple cloning site (MCS) from pPL2 vector 

Insertion of small Aat II MCS fragment from pPL2 inserted into pAM401 plasmid between 

blunted Xba I and Nru I sites. 

Complete pAM401-MCS plasmid sequence shown 

CTTTAAACGTGGATCATTTTCTTTAAATTTATGCTGACGACCTTTGA^ 
TCGATTCCTTGTGCCTGACGTTCCTTAAT1T 

GACAAGGCTATTAATCAAACGCCTTAAATTTTCATCTTCAATACCATTCATTGAGGGTAAATTTAAGAC 

TTCCAGGGTTGCCCCCTTAATTTGAATTTGATTCATCAATTCTGTTAATTCTTTATTATT^ 

GATCTAATTCAGTAACAATAACAATATCCCCTTCACGAATATAGTTAAGCATAGCTTGTAATTGTGGGC 

GTTCGACCGATTGACCGCTTAATTTGTCTGAAAAGACCnTAGAAACGCCCTGTAACGCTTGTAATTGCC 

GATCTAAGTTCTGTTCTTTGCTACTGACACGTGCATAACCAATTTTAGCCATTTTCAACCAACCTCTAA 

"'^ZESlI? 1 ^ 0 G<3TTG C AAT AAC C AATC AGC AAT ATCTTACTITrTTTC AATTTC AAATTG CTT ATC AG AAATT 

GTCITTTCGTAAGCGATAAAATCTTGCGCATATTGT^ 

TCTAAAACTCGATAAATAAATTTTTTCATTTTACTCCTCCTA 

CAAGTCAATTATACTGCTAAAATCATATTAGGACAAATAGGTATACTCTATTGACCTATAAATGATAG 
CAACTTAAAAGATCAAGTGTTCGCTTCGCTCTCACTGCC 

CGTTCAGTCCAAGCCAACTAAAAGTTTTCGGGCTACTCTCTCCITCTCCCCCTAATAATTAATTA 

CTTACTCTGTATATTTCTGCTAATCATTCACTAAACAGCAAAGAAAAACAAACACGTATCATAGATAT 

AAATGTAATGGCATAGTGCGGGTTTTATTTTCAGCCTGTATCGTAGCTAAACAAATCGAGTTGTGGGTC 

CGTTTTGGGGCGTTCTGCCAATTTGTTTAGAGTTTCTTGAATAAATGTACGTTCT 

TGTCAGCGCCTTTATATAGCTTTCTCGTTCTTCT^ 

ACACTAGCAAGTTGAATGCCACCATTTCTTCCTGGTTTAATCTrAAAGAAAATTTCCTGA 
AGTACCTTCAGCAATTTATCTAATGTCCGTTCAGGAAT^^ 

TCGCTAAATAAGGCITGTATACATCGCTTTTTTCGCTAATATAAGCCATTAAATCTTC^ 
CAAATGAACACGTTGACGTTCGCTTC 1 TTTTl TC1TGAATTTAAACCACCCTTGACGGACAAATAAATC 
TTTACTGGTTAAATCACTTGATACCCAAGCTITGCAAAGAATC 
ATAGTTTTCTGAATAGGCACTTCTAACAATTTTGATTACTTCT^ 

TTATTAAACTCAAACATATTATATTCGCACGTTTCGATTGAATAGCCTGAACTAAAGTAGGCTAAAGA 
GAGGGTAAACATAACGCTATTGCGCCCTACTAAACCCTITrCTCCTGAAAATTTCGTTTCGTGCAATAA 
GAGATTAAACCAGGGTTCATCTACTTGTTTTT^^ 
AGTAAAGCCCTTATTATCTGTTTGTTTGAAAGACC 

GGGATCAAAAAATTCTACATTGTCCGTTCITGGTATACGAGCAATCCCAAAATGATTGCACGTTAGAT 

CAACTGGCAAAGACTnrrCCAAAATATTCTCGGATATTTTGCGAGATTATTTTGGCT 

TAAATTCTGATTTTGAAGTCACATAGACTGGCGTTC 

ATTT GATAAT TAACGTAGGCATAAAACCTAAATCAATAGCTGTTGTTAAAATATCGCTTGCTGAAATA 

GTTTCTTTTTCCGTGTGAATATCAAAATCAATAAAGAAGGTATTGATTTGTCTTAAATTG 

TGTCCTTTAGTGTAT GAAC GGTTTTCGTCTGCATACGTACCATAACGATAAACGTTTGGTGTCCAATGC 

GTAAATGTATCTTGATTTTCGTGAATCGCTTCTTCGGAAGTCAGAACAACGCCACGTCCGCCAATCATG 

CI 1 1 1 1 1 rrGA GCGATACGCAAAAATAGCCCCTTTACTTTTACCTGGCITGGTAGTGATTGAGCGAATT 

TTACTATTTTTAAATTTGTACTTTAACAAGCCGTCATGAAGCACAGTTTCTACAAC 

ATTCAGCTGTTCTCCTTT CTTACG AAAATTAATTAGTTAGAAGCTACGATCAAAG 

AAAAGGCAATCAACTAAGTTTTTCITAATTGATTGCCTGGTATCTTCTT 

AAAACCCGATATAATGGGTTTACAGATATTTAAGTATCTGATTAATAAAGTAATTAAATACTTTACCA 

AATTTTGGGTCTCGACTTCTTTAATTGATTGGTGGTAATCAATTAA 

GCTTrAACTGGTCGTGGCTCTTTTTTTGTATTCT^ 

CTTTTTAAAAAAATAAGCAATGATTTCGTGCATTAT^ 

TCTAACTCCAATGTTACTTGTTCTGTTTCTGGTTCTGGTTCTGTTGGCT 

CTAGCGTTGAGTTAGTTCCGTCTCTAATAGCCGGTTAAGTAATAGCCGGTTAAGTGGTCAAACITTGGG 

AAAATCTCAACCCGCATTAAGTTTTGATGCCATGACAATCGTTGGAAATTTGAACAAAACTAATGCTA 

AAAAGCTATCTGACTITATGAGTGTAGAGCCACAAATACGACTTTGGGATATACTTCAAACAAAGT^ 
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FIGURE 32B 

(sequence continued from Figure 32A) 
AAAGCTAAGGCACTTCAAGAAAAA 

GACGTAATATGCGTGTTGAATTTAATCCCAATAAACTCACACATGAAGAAATGATTTGG 

AATATTATCGACTACATGGAAGATGACGGTTTTACAAGATTA 

TTGAGCGATTACTATGCAATGACTGATAAAGCAGTTAAGAAAACTGTT^ 

GCCAGAAACAAAATATTTTGGTGTCCGTGATAGTGA^ 

AACGTAAAGATAACGCAGATGTTGAAGTTGTGTTTGAAC 

AGAGATATGGTTGATTACTGGAATGATTGTTTTAATGATTTACACATCTTTGA 

TTTAGAAAAAATTAATGAGCAAGCTATC^ 

TAAGTAAGAATACTAAGACTAAATTTA^ 

TTAATGAAATCGACTTTAAAAGCGAACGAAA 

ATTTAGGTTTTGGAAGTAAAATAAGTTTTATTTGATAAA 

GAGGTGACATAACGTATGAAAAAATCAGAGGATTATTCCTCCTA 

G GAAGT TATATATGACTITrAATATTATTGAATTAGAAAATTGGGATAGAA 

TATTTTAATCAGCAAACTACTTAT^^ 

AAAAAGAAAGGATATGAAATTTATCCCTCTITAATTT 

AGTGTTTAGAACAGGAATTAATAGTGAGAATAAATTAGGTTATTGGGATAAGTTA 

CAGlllllAATAAGCAAACTGAAAAATTTACTAACATTTGG 

TTTATAATAATTATAAAAATGACTTGCITGAATATAAAGATAAA 

ATACCTGAAAACACCATACCGATTTCAATGATTCCTTGGATTGATTTTAGTTCA 

GGTAACAATAGCAGCTTTTTATTGCCTATTATTACGATAGGTAAATTTTATAG 

TATATACCAGTTGCTCTGCAACTTCATCATTCrGTATGTGATGGTTACCATGCTTCACT^ 

AATTTCAAGATATAATTCATAGGGTAGATGATTGGATTTAGTTTTTAGA 

TT ATAC ACGTAAG TGATC ATAAAATTT^^ 

GATTTTGAATTTGGTTTTGAACTTATGGACTGATTT 

GCCTCGCAGAGCACACGCATTAATGACTTATGAAACGTAGTAAAT^ 

TGGAAGATGCACCGAATAAAAAATATTGAAGAACAACTAGCAAAAGAT^ 

TAAGTCTTTATAACATGAGTG AAGCG AATTTTTAAATTTCGATAGAAATT^ 

TGTCAAAATTGACGAAGGGGGTTTTTTGGC^^ 

TG TATAA GT GCGCC CTTTGTTTTGAACTTAGCACGTC 

CCCTTTTAAATTTTGAGTGATTATAT^ 

TTTAAAAAATAAGCAAAAATTTTCGATAGAGAATC 

TGCITGCTGTrACATTAAGTTTATTTTTAAGTTA 

GTCGCITTATAAAGCTGATTGACTTTTGATTGCAAACT 

TTCTTCTCTTTGGTTTGAACATCAGCAATTATCCCCTCnTGATT^ 

CAAAAGCTAAAAGCTCCTCTTGGGTTTT^ 

TGGTTTACTTTTATACTAGCTTCCACCT^ 

GCTGAAAAAATAAGGTATAAGGTGGGCGTTTGAACACGTCCTAGTGAAAATGTACCTTGTAC 
TCTGTTGTAAATTTAACGTATACAAAGGGCTrGCGTTCATGCCGATCAACCAATCGGCAATTT 
TITG CGCTT CTTGATAAAAGGGATAGTAATTCATTCCAGGTTGCAAATT^ 
CATCITTTTCTAAGCTATTGA^ 

GATAATCGACCAGGCGATATTTTCACOTCTCTGTCGCTATCTGTTGCA^ 

TTGAGAAGTTCTGCAACAATTTTAAACTGCm 

GGAAAAATCGGCAAAGATTCAAGTTTCCAATTTTGCCACITT^ 

TCCACTAAATGCCCAAAACCAAAGGTCAT 

ATAACCGTCTTTITrGGTGCITTGTITT 

AAAATAACCGTACTCATTAACTATCCCTCTrTTCATTGTTTT 

TGCTCGATACCTTCTAAACGTTCGGCGATTGATTCCAGTTTGTTCTTCAACT^ 

TTCAAAAACAAATCGAAAGCATGGATGCGCCGCGTGCGGCTGCTGGAGATGGCGGACGCGATGGATA 

TGTTCTGCCAAGGGTTGGTTTGCGCATTCACAGTTCTCCGCAAGAATTGATTGGCT 

TGGTGAATCCGTTAGCGAGGTGCCGCCGGCTTCCATTCAGGTCGAGGTGGCCCGGCTCCATGCACCGC 

GACGCAACGCGGGGAGGCAGACAAGGTATAGGGCGGCGCCTACAATCCATGCCAACCCGTTCCATGT 

GCTCGCCGAGGCGGCATAAATCGCCGTGACGATCAGCGGTCCAGTGATCGAAGTTAGGCTGGTAAGA 
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FIGURE 32C 

(sequence continued from Figure 32B) 

GCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCATCTACCTGCCTGGACAGCATGGCCTGCAA 

CGCGGGCATCCCGATGCCGCCGGAAGCGAGAAGAATCATAATGGGGAAGGCCATCCAGCCTCGCGTC 

GCAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGC 

TTGA TATC GAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTC 

CAGCTTTTGTTCCCnTTAGTGAGGGTTAATGCTAGAAATATTTTATCTGATTAATAAGATGAT 

AGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGTTTTTC 

GAAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAGTCACCAAAAC 

TTGTCCTTTCAGTTrAGCCTTAACCGGCGCATGACTTCAAGACTAACTCCTCTAAATCAATTACCAGTG 

GCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCG 

CAGCGGTCGGACTGAACGGGGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACT 

GAGTGTCAGGCGTGGAATGAGACAAACGCGGCCATAACAGCGGAATGACACCGGTAAACCGAAAGGC 

AGGAACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGG 

TTTCGCCACCACTGATTTGAGCGTCAGATTTCGTGATGCTTGTCAGGGGGGCGGAGCCTATGGAAAAA 

CGGCTTTGCCGCGGCCCTCTCACTrCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCC 

GTTCGTAAGCCATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGC 

GGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCTTTTTTCTCCTGCCACATGAAGC 

ACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGCTGATGTCCG 

GCGGTGCTTTTGCCGTTACGCACCACCCCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGAAACAGA 

AGCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCA 

CTrTGCGCCGAATAAATACCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGT 

TGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCA 

ACTITCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGAGCTA 

AGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAA 

AGA ACATTT TGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTAC 

GGCCrri'llAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCG 

CCTGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTG 

TTCACCCTrGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACG 

ACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATT 

TCCCTAAAGGGTTTATTGAGAATATGT1TITCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTG 

ATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAG 

GCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTGATGGCTTCCATGTCGGC 

AGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAG 

TTATTGGTGCCCTTAAACGCCTGGTGCTACGCCTGAATAAGTGATAATAAGCGGATGAATGGCAGAAA 

TTCGAAAGCAAATTCGACCCGGTCGTCGGTTCAGGGCAGGGTCGTTAAATAGCCGCTTATGTCTATTG 

CTGGTTTACCGGTTTATTGACTACCGGAAGCAGTGTGACCGTGTGCTTCTCAAATGCCTGAGGCCAGTT 

TGCTCAGGCTCTCCCCGTGGAGGTAATAATTGACGATATGATCATTTATTCTGCCTCCCAGAGCCTGAT 

AAAAACGGTTAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGAT 

GCAGATCCGGAACATAATGGTGCAGGGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCG 

GGGGACTGTTGGGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCG 

GCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTACCGGACAGCGGTGCGGACTGTTGTAACTC 

AGAATAAGAAATGAGGCCGCTCATGGCGTTGACTCTCAGTCATAGTATCGTGGTATCACCGGTTGGTT 

CCACTCTCTGTTGCGGGCAACTTCAGCAGCACGTAGGGGACTTCCGCGTTTCCAGACTTTACGAAACA 

CGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGT 

TCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCA 

ACGACAGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCGA 
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Human Mesothelin Gene 
Codon-Optimized for Expression in Listeria 

ATGGCATTGCCAACTGCACGTCCATTACTAGGTAGTTGCGGTACACCAGCACTAGGT 

TCTTTATTATTTTTGTTATTTTCTCTAGGTTGGGTTCAACCAAGTCGTACATTAGCAG 

GTGAAACAGGTCAAGAAGCAGCACCACTTGACGGTGTATTAACGAATCCACCAAAT 

ATATCAAGTTTAAGTCCACGTCAATTATTAGGTTTTCCATGTGCAGAAGTTTCAGGTT 

TAAGTACAGAACGTGTCCGTGAGTTAGCAGTTGCATTAGCACAAAAAAACGTTAAA 

TTATCTACAGAACAGTTACGTTGTTTAGCCCATAGATTAAGCGAACCACCAGAAGAC 

TTAGATGCACTTCCTTTAGACCTTCTTTTATTCTTAAATCCAGATGCATTTTCAGGAC 

CACAAGCATGTACACGTTTTTTTAGTCGAATTACAAAAGCCAATGTTGATTTATTAC 

CTCGTGGGGCTCCTGAAAGACAACGTTTATTACCTGCTGCATTAGCATGCTGGGGTG 

TTCGCGGTAGCTTATTAAGTGAAGCCGATGTTCGTGCTTTAGGGGGTTTAGCATGTG 

ATTTACCTGGTCGTTTCGTTGCAGAATCAGCAGAAGTGTTATTACCGAGATTAGTTTC 

ATGCCCAGGACCTTTAGATCAAGATCAACAAGAGGCAGCTAGAGCAGCTCTTCAAG 

GAGGAGGCCCACCATATGGCCCACCAAGTACATGGAGTGTTTCTACAATGGATGCG 

TTAAGAGGTTTATTACCGGTTTTAGGACAACCAATTATTCGTAGTATTCCACAAGGC 

ATTGTAGCAGCATGGCGTCAACGTAGTTCTCGTGATCCGTCTTGGCGACAACCAGAA 

CGTACAATTCTACGTCCAAGATTTCGTAGAGAAGTAGAAAAAACGGCGTGTCCTAGT 

GGCAAAAAAGCACGTGAAATTGATGAAAGTTTAATTTTTTATAAAAAATGGGAATT 

AGAAGCATGTGTCGATGCAGCATTACTAGCTACACAAATGGATCGTGTTAATGCTAT 

TCCATTCACATATGAACAATTAGATGTTTTAAAGCATAAATTAGACGAATTATATCC 

ACAAGGTTATCCAGAATCAGTTATTCAACATTTAGGTTACTTATTTTTAAAAATGAG 

TCCAGAAGACATACGCAAATGGAATGTTACAAGTTTAGAAACATTAAAAGCGCTTTT 

AGAAGTTAACAAAGGTCATGAAATGAGTCCACAAGTTGCTACGTTAATTGATAGATT 

CGTTAAAGGCCGTGGTCAATTAGATAAAGATACTTTAGATACATTAACAGCATTTTA 

TCCTGGCTACTTATGCAGTTTATCACCAGAAGAATTAAGTTCCGTTCCACCGAGTAG 

TATCTGGGCAGTTCGTCCGCAAGATTTAGATACATGCGACCCACGTCAATTAGATGT 

TTTATATCCAAAAGCAAGATTAGCTTTCCAAAATATGAACGGTAGTGAATATTTCGT 

AAAAATTCAATCCTTTTTAGGTGGTGCACCAACTGAAGATCTAAAAGCATTAAGCCA 

ACAAAATGTAAGTATGGATTTAGCTACGTTTATGAAATTACGTACAGATGCAGTTCT 

ACCATTAACAGTTGCAGAAGTTCAAAAATTATTAGGTCCACACGTAGAAGGATTAA 

AAGCAGAAGAACGTCACCGTCCAGTTCGCGATTGGATTTTACGTCAACGTCAAGATG 

ATTTAGATACATTAGGTTTAGGTTTACAAGGCGGTATTCCGAATGGATATTTAGTGT 

TAGATTTATCTGTTCAAGAAGCATTAAGTGGTACACCGTGTTTATTAGGTCCAGGTC 

CAGTTTTAACAGTGTTAGCATTATTATTAGCCAGTACATTAGCTTAA 
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MALPTARPLLGSCGTPALGSLLFLLFSLGWVQPS 

RTLAGETGQEAAPLDGVLTNPPNISSLSPRQLLG 

FPCAEVSGLSTERVRELAVALAQKNVKLSTEQLR 

CLAHRLSEPPEDLDALPLDLLLFLNPDAFSGPQA 

CTRFFSRITKANVDLLPRGAPERQRLLPAALACW 

GVRGSLLSEADVRALGGLACDLPGRFVAESAEV 

LLPRLVSCPGPLDQDQQEAARAALQGGGPPYGPP 

STWSVSTMDALRGLLPVLGQPIIRSIPQGIVAAW 

RQRSSRDPSWRQPERTILRPRFRREVEKTACPSG 

KKAREIDESL. IFYKKWELEACVDAALLATQMDR 

VNAIPFTYEQLDVLKHKLDELYPQGYPESVIQHL 

GYLFLKMSPEDIRKWNVTSLETLKALLEVNKGHE 

MSPQVATLIDRFVKGRGQLDKDTLDTLTAFYPG 

YLCSLSPEELSSVPPSSIWAVRPQDLDTCDPRQL 

DVLYPKARLAFQNMNGSEYFVKIQSFLGGAPTED 

LKALSQQNVSMDLATFMKLRTDAVLPLTVAEVQ 

KLLGPHVEGLKAEERHRPVRDWILRQRQDDLDT 

LGLGLQGGIPNGYLVLDLSVQEALSGTPCLLGPG 

PVLTVLALLLASTLA 
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Murine Mesothelin Gene 
Codon-Optimized for Expression in Listeria 

ATGGCATTACCAACGGCTCGCCCATTATTAGGTTCTTGTGGTTCACCAATTTGTAGTC 

GCAGTTTTTTATTATTATTACTATCTTTAGGTTGGATTCCGCGTTTACAAACACAAAC 

CACTAAAACAAGTCAAGAAGCTACATTATTGCATGCAGTCAATGGCGCAGCAGATT 

TTGCAAGTTTACCAACAGGCTTATTTCTTGGTCTTACATGTGAAGAAGTTAGTGATTT 

AAGTATGGAACAAGCAAAAGGTTTAGCGATGGCGGTTCGCCAAAAAAATATTACAT 

TACGTGGTCATCAATTACGTTGTTTAGCACGTCGTTTACCACGACATTTAACAGATG 

AAGAATTAAATGCTCTACCATTAGACTTATTATTATTTTTAAATCCAGCAATGTTTCC 

AGGTCAACAAGCATGTGCCCATTTTTTCAGTTTAATTTCGAAAGCAAATGTAGATGT 

TTTACCGAGACGTAGCTTAGAACGTCAACGTCTTTTAATGGAAGCATTAAAATGTCA 

AGGTGTTTATGGTTTCCAAGTTAGTGAAGCAGATGTTCGTGCACTTGGTGGTTTAGC 

TTGTGATTTACCAGGGAAATTTGTAGCACGTTCTAGTGAAGTATTATTACCATGGTT 

AGCAGGTTGTCAAGGTCCATTAGATCAAAGTCAAGAAAAAGCAGTTCGTGAAGTCT 

TACGTAGTGGTCGTACTCAATATGGCCCACCTAGCAAATGGAGTGTTAGTACGTTAG 

ATGCATTACAAAGTTTAGTAGCTGTTTTAGATGAAAGTATTGTTCAGAGTATTCCAA 

AAGATGTGAAAGCAGAGTGGTTACAACATATTTCCCGTGACCCATCTCGTTTAGGTA 

GTAAATTAACAGTTATTCATCCACGTTTTCGCCGCGACGCAGAACAAAAAGCATGTC 

CACCAGGTAAAGAACCATATAAAGTAGATGAAGATTTAATTTTTTATCAGAATTGGG 

AATTAGAAGCCTGTGTTGATGGTACAATGTTAGCACGTCAAATGGATTTAGTTAATG 

AAATTCCATTTACATATGAACAATTAAGTATCTTTAAACATAAATTAGATAAAACAT 

ATCCACAAGGTTATCCAGAATGGTTAATTCAACAATTAGGTCATTTTTTTCGTTATGT 

TAGTCCAGAAGACATTCATCAATGGAATGTTACAAGTCCAGATACAGTTAAAACTTT 

ATTAAAAGTTAGTAAAGGTCAAAAAATGAATGCTCAAGCAATTGCATTAGTCGCAT 

GTTATTTACGTGGAGGTGGTCAATTAGATGAAGATATGGTTAAAGCATTAGGGGATA 

TTCCATTATCATATTTATGTGATTTCTCCCCACAAGACTTACATTCAGTTCCAAGTAG 

TGTTATGTGGTTAGTTGGTCCACAAGGTTTAGATAAATGTAGTCAACGTCATTTAGG 

TTTACTTTATCAAAAAGCATGTAGTGCGTITCAAAATGTTAGTGGTTTAGAATATTTT 

GAAAAAATCAAAACATTTTTAGGAGGTGCATCTGTAAAAGATTTACGCGCATTAAGT 

CAACATAATGTAAGTATGGATATCGCAACATTTAAACGTTTACAAGTCGATAGTCTA 

GTTGGTCTTAGTGTAGCAGAAGTTCAAAAATTATTAGGGCCGAATATTGTAGATTTA 

AAAACAGAAGAAGATAAAAGTCCAGTTCGTGACTGGTTATTTCGACAACATCAGAA 

AGACTTAGATCGTCTTGGATTAGGTTTACAAGGTGGTATTCCAAATGGTTATTTAGTT 

TTAGATTTTAATGTACGTGAAGCATTTAGTTCAAGAGCGAGTTTATTAGGTCCAGGT 

TTTGTGTTAATTTGGATTCCAGCATTACTACCAGCACTTCGTTTATCATAA 
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Murine Mesothelin Primary Amino Acid Sequence 

MALPTARPLLGSCGSPICSRSFLLLLLSLGWIPRL 

QTQTTKTSQEATLLHAVNGAADFASLPTGLFLGL 

TCEEVSDLSMEQAKGLAMAVRQKNITLRGHQLR 

CLARRLPRHLTDEELNALPLDLLLFLNPAMFPGQ 

QACAHFFSLISKANVDVLPRRSLERQRLLMEALK 

CQGVYGFQVSEADVRALGGLACDLPGKFVARSS 

EVLLPWLAGCQGPLDQSQEKAVREVLRSGRTQY 

GPPSKWSVSTLDALQSLVAVLDESIVQSIPKDVK 

AEWLQHISRDPSRLGSKLTVIHPRFRRDAEQKAC 

PPGKEPYKVDEDLIFYQNWELEACVDGTMLARQ 

MDLVNEIPFTYEQLSIFKHKLDKTYPQGYPESLI 

QQLGHFFRYVSPEDIHQWNVTSPDTVKTLLKVSK 

GQKMNAQAIALVACYLRGGGQLDEDMVKALGDI 

PLSYLCDFSPQDLHSVPSSVMWLVGPQGLDKCSQ 

RHLGLLYQKACSAFQNVSGLEYFEKIKTFLGGAS 

VKDLRALSQHNVSMDIATFKRLQVDSLVGLSVA 

EVQKLLGPNIVDLKTEEDKSPVRDWLFRQHQKD 

LDRLGLGLQGGIPNGYLVLDFNVREAFSSRASLL 

G P G F V L I W I P A L L P A L R L S 
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Codon-optimized Antigen: WEphA2 

EX2 

Codon-Optimized secAl: - H 



tJ 



Expected mass ofEphA2 proteins 
Full-length: 114 kDa 

EphA2 CO: 52 kDa 
EphA2 EX2: 62 kDa 




Ab: Rabbit anti-myc polyclonal antibody 
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Cotton-Optimized EphA2 CO 





EphA2 EX2: 62 kDa 



Ab: Rabbit anti-rayc polyclonal antibody 
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